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PREFACE 


Bureau Circular C401, Abstracts and Summaries of Bureau of Stand- 
ards Publications on Stray- Current Electrolysis, was published in 
1933. This gives the essential conclusions drawn from the work of the 
National Bureau of Standards on stray-current electrolysis during a 
period of 15 years, as presented in 17 Bureau Technologic Papers, most 
of which are available only in reference libraries. 

As corrosion due to stray-current electrolysis became less important, 
attention was turned to underground corrosion due to causes other 
than stray currents. Although this work has been interrupted by the 
necessity of giving full attention to war work, the subject continues 
to be one of major importance. A considerable number of Bureau 
publications have been issued, but most of them are also out of print 
and available only in reference libraries. 

There is a continuing demand for technical information relating to 
the problem of underground corrosion. Because of the extensive instal- 
lation and repair of underground structures that will occur in the post- 
war period the Bureau feels that the issuance of a publication giving 
under one cover the research results obtained thus far, together with 
a general discussion of the corrosion problem and the conclusions to 
be drawn from the data, will serve a useful purpose. These conclusions 
are supplemented by summaries of the results of the more important 
investigations of underground-corrosion phenomena carried on in 
America and Europe. 

The manufacturers who supplied the materials tested have rendered 
valuable assistance in planning the tests and in the interpretation of the 
results. The cooperation of the public utilities and the technical societies 
has also been of great value in the work. 

The material for this Circular is based .on the results obtained by 
many members of the Bureau’s Underground Corrosion Section over a 
period of several years, and the use of their data is acknowledged by 
the author. 


E. U. Condon, Director, 



UNDERGROUND CORROSION 

By Kirk H. Logan 


ABSTRACT 

This Circular is an assembly of the results of the National Bureau of Standards 
investigations of underground corrosion which began in 1922. The fundamental 
causes and processes of underground corrosion are the same as those occurring 
in the air or water, but their relative values are different. Corrosion in soils is the 
result of soil characteristics and conditions but these are too numerous and complex 
to permit a satisfactory correlation of corrosion wdth any single soil property. 

The results of the tests of ferrous materials given in this Circular indicate that 
the commonly used ferrous pipe materials do not differ greatly in their resistance to 
soils and that their apparent relative merits are either accidental or dependent on 
soil conditions. Low-alloy ferrous materials lose weight more slowly than unalloyed 
ferrous materials, but are penetrated by corrosion as rapidly. Alloys high in nickel 
and chromium are very resistant to corrosion. 

In. most of the soils investigated the rate of corrosion of ferrous materials de- 
creases as the exposure is prolonged. Any rate of corrosion is applicable only to the 
area of the metal tested and the time it was exposed. The life of a pipe cannot be 
predicted solely from the loss of weight or the depth of a pit at any given time. 
The corrosiveness of the soil can be indicated only by a formula which takes account 
of the characteristics of the soil to Tvhich the pipe is exposed, the change in the 
rate of corrosion with time and the area of the exposed metal. 

The data in the Circular show that copper and alloys high in copper corrode much 
less and more uniformly than ferrous materials. Lead was resistant to many soils 
but pits deeply in -some soils. 

The effectiveness of metallic coatings depends on the soils to which they are 
exposed. No metallic coating is suitable for all soils. Bituminous coatings greatly 
retard the loss of metal to which they are applied. Their effectiveness is roughly 
proportional to their thickness. Pew coatings are free from all pinholes and other 
imperfections. Important causes of coating failures are improper application and 
injuries incidental to pipe laying. Better tools and methods have considerably 
reduced the number of failures attributable to these causes, but it is still difficult 
to secure a completely protected pipe and some coatings are injured by soil stress 
and roots of trees, shrubs, and grass. v 

The results of tests of a number of promising coatings developed in the laboratory 
are presented. 

Several methods of testing soils and coatings are described and their usefulness 
discussed. The effectiveness of several methods of preventing corrosion are compared. 
Cathodic protection can retard or prevent corrosion under most soil conditions. 
The paper describes methods of applying cathodic protection under several condi- 
tions. Details of test methods and apparatus are given in six appendices. 
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I. INTRODUCTION 


Tlie prevention of damage to imdergronnd structnres arising from 
corrosion lias long been an engineering problem of major importance. 
There are in the United States about 500,000 miles of pipe lines used 
for transporting water, gas, oil, and gasoline. The value of these lines 
is in the order of 6 billion dollars. Accurate figures for the corrosion 
losses of these lines are not available. 

The average life of steel mains has been taken as 33% years by the 
Interstate Commerce Commission.^ On this basis, the annual cost for 
replacement of pipe lines would be 200 million dollars. Most of the 
loss is probably due to corrosion. 

In 1910 Congress first made funds available for an investigation by 
the National Bureau of Standards of the causes of stray-current electrol- 
ysis and its mitigation. For 11 years the Bureau conducted field and 
laboratory tests on this subject. The publications dealing with the re- 
sults of these investigations are out of print, but they are summarized 
in Circular C401. These investigations indicated that although very 
serious corrosion resulted from stray currents, similar corrosion oc- 
curred imder circumstances that precluded stray currents as an explana- 
tion. The Bureau, therefore, undertook to determine whether soils 
caused corrosion of pipe materials, and, finding some corrosive soils, 
began the study of the relation of the various properties of soils to 
corrosion and later of methods for reducing corrosion losses. In this 
w'ork it had the cooperation of a large number of manufacturers of 
materials used underground and of the users of these materials. These 
organizations not only furnished materials and labor but took an active 
part in the formulation of the conclusions, based on the results of the 
tests. As the work progressed, the results and conclusions were pub- 
lished from time to time in the National Bureau of Standards Journal 
of Reseai’ch and in technical and trade journals. Most of these publica- 
tions are now out of print. Although these are on file in many public, 
technical, and college libraries, the data are scattered through so many 
publications that the results of the investigations are not conveniently 
available. It is desirable therefore to summarize the work on under- 
ground corrosion and to present the more important data in one 
publication. 

There ai’e more than 6,000 specimens of pipe materials still buried 
at the test sites, including some types on which no data have been' 
obtained. There are also a number of corrosion phenomena that shoulcT 
be studied further. However, the work on underground corrosion has 
been suspended and the staff assigned to more urgent work for the dura- 
tion of the war. Because of the need for the data already obtained, 
the results of the studies of underground corrosion are summarized 
in this Circular. 

Although in many cases the data are insufficient to justify positive 
conclusions, nevertheless, it seems desirable to suggest tentative con- 
clusions, with the idea of stimulating discussion and further research. 

lyaluatioii Docket 1203, Interstate Commerce Commission (1937). 
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To the conclusions resulting* from the investigations of the National 
Bureau of Standards have been added the results of the more important 
investigations made elsewhere, and a sufficient number of references 
have been given to enable the reader to familiarize himself with the 
details of these investigations insofar as they have been published. 

IL INVESTIGATIONS OF UNDERGROUND CORROSION 
1. IN FOREIGN COUNTRIES 

Although the most extensive investigations of underground corrosion 
appear to have been carried out in the United States, the records show 
that similar investigations have been undertaken in several other 
countries. 

The Dutch Research Institute for Metals in 1931 set up a Central 
Corrosion Committee. This committee delegated its work to various 
subcommittees, which investigated, among other things the following 
topics: Corrosive effects of soils on pipes, corrosive effect of soils on 
cable sheaths, and protective coatings for steel construction. The sub- 
committee for the effect of soil on pipe consisted of 2 representatives of 
the Central Committee and 12 officials, engineers, and chemists of labora- 
tories and oil distributors. After a study of foreign literature on cor- 
rosion, pipe lines were inspected in various parts of Holland, and 
laboratory studies of soils, soil waters, and pipe materials were made. 
The committee issued a report [1]^ in 1935. This will be referred to 
later, A similar subcommittee on coatings issued a report [2] on coat- 
ings, and in 1937 a set of specifications {3] for the coating of pipes 
mth asphalt. In addition to the reports of the committee, individual 
members of the subcommittees have published a number of papers [4, 5] 
resulting from their researches. Paralleling some of these papers is a 
series of reports by Wiehers [6, 7]. 

In Australia several oi’ganizations have conducted extensive investi- 
gations of underground corrosion and protective coatings, as well as 
of stray-current electrolysis, the results of which were presented in the 
technical press and at the 1937 and 1943 National Bureau of Standards 
Corrosion Conferences [8 to 15]. Most of the conference papei^s have 
not been published. 

In England the Institution of Civil Engineers, the Iron and Steel 
Institute, and the British Nonferrous Metals Association organized a 
Subcommittee on Soil Corrosion of Metals, which, after an investigation 
and some preliminary experiments, issued an interim report [16] in 
1942, A detailed study of anaerobic corrosion [17] has been under- 
taken in England also. The Post Office Engineering Department [18] 
has made studies of the corrosion of lead cable sheath and has devel- 
oped special apparatus ‘for this work. The British Board of Trade 
[19], after an investigation of stray-current electrolysis, issued a set 
of regulations to govern tramway installations in 1912, and these have 
been revised from time to time. The Chemical Research Laboratory 
of the Department of Scientific and Industrial Research, Teddington, 
and the Metallurgical Laboratories of Cambridge University have con- 
ducted very extensive investigations of corrosion processes of metals 
and alloys exposed to a large variety of gases and solutions and have 
done much to establish the electrolytic theory of corrosion. The re- 
sults of these investigations have been summarized by Evans [20]. 

2 Figures in "brackets indicate the literature references at the end of this paper. 
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The stud}’’ of corrosion lias been very extensive in G-ermany. Stray- 
current electrolysis has been regulated since 1910. Tbe potential 
gradient in tbe rails and tbe eartb were limited and pipe drainage was 
prohibited. In 1929 the first volume of what was to be a set of books 
on corrosion [21] was published. This book contained 53 pages of 
references to articles on corrosion and related subjects, most of which 
were published in Germany. 

Corrosion, especially stray-current electrolysis, has been studied ex- 
tensively in Japan. An engineer from the Eesearch Department of 
the Japanese Railways spent a month at the National Bureau of Stand- 
ards in 1932 studying corrosion literature and methods of testing, 
and later visited many of the laboratories stud:^dng corrosion. Japan 
contributed four papers to the 1937 Underground Corrosion Confer- 
ence and was represented at the conference by three engineers. 

Severe corrosion of water mains in Winnipeg, Manitoba, led to an 
extended study of corrosion at the University of Manitoba in Canada 
[22 to 27], which added considerable information on the corrosion 
of east iron. 


2. IN THE UNITED STATES 

In the United States, underground corrosion has been recognized 
as a serious problem for many years, and most of the larger companies 
operating pipe lines employ from one to a dozen or more men whose 
chief duty is to reduce pipe-line corrosion. One large gas. company 
collected a sample of soil at each point where one of its pipes was 
exposed until soil conditions through its territory were determined. 
The data have not been published, but several papers based on them 
have appeared. Another large gas company has made a statistical 
study of the service pipe that it has installed at various times. Many 
pipe-line operators have experimented extensively in the laboratory 
and in the field with a large variety of protective coatings. From these 
activities a large quantity of data has accumulated which as yet has 
not been adequately studied, although many papers based on the data 
have been published. In many cases definite conclusions cannot be 
drawn from the corrosion records because the conditions under which 
the corrosion occurred are not described in sufficient detail- This is 
especially true with respect to soil conditions. 

In 1928 or 1929 the American Gas Association and the American 
Petroleum Institute each formed a committee on corrosion and em- 
ployed Research Associates to work at and under the direction of the 
National Bureau of Standards. For many years thereafter the annual 
proceedings of these associations contained articles on corrosion by 
these men and other members of the Associations. Many additional 
articles on corrosion appeared in technical and trade journals during 
this period. 

One of the most extensive and long-continued studies of corrosion 
is the investigation by the National Bureau of Standards previously 
referred to. The data from this investigation have been widely quoted 
and many conclusions have been drawn therefrom. It should be 
borne in mind, however, that the tests were planned with definite 
objectives in view and that, although the data were satisfactory from 
the point of view of these objectives, it will be necessary to guard 
against attempting to draw more far-reaching conclusions from them 
than are justified by the conditions under which the tests were made. 
In view of the widespread use of the National Bureau of Standards 
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corrosion data, tlie tests will be described and the interpretation of 
the results discussed in considerable detail. 

The seriousness of iindergroimcl corrosion was recognized by Con- 
gress in 1910, when the National Bureau of Standards was autliorized 
to make a study of electrolysis caused by stray electric currents and 
possible methods of its mitigation. The work was carried on actively 
during a period of 10 years, and the results are reported in 17 Tech- 
nologic Papers of the National Bureau of Standards. These papers 
discuss various phases of electrolysis, including surveys, track leak- 
age, electrolysis in concrete, protective coatings, and the design of 
return feeder systems for street railways. Practically all tliese papers 
are now out of print and available only in reference libraries, but 
abstracts of the papers were published in 1933. 

The work of the National Bureau of Standards on corrosion due to 
causes other than stray currents was started in 1922 and was actively 
carried on until interrupted by the necessity of giving full attention 
to war work. In this work, the Bureau has had the sup])ort and coopera- 
tion of a large number of makers and users of uiidergromid pipe and 
pipe coatings.’^ These organizations have borne much of the expense of 
the investigations, and their technical representatives liave had an active 
part in planning the tests and in formulating conclusions tlierefrom. 

The results of these investigations, including studies of special phases 
of underground corrosion carried out by Eesearch Associates working 
under the direction of the Bureau, have appeared in publications of the 
Bureau and in publications of the organizations supporting tlie research 
projects. In addition, a large number of papers by members of the 
Bureau staff have been presented before technical societies and pub- 
lished in technical journals. 

There are so many diverse factors that affect tlie corrosion of pipes 
and other structures underground that the planning of adequate tests 
and the proper interpretation of the results are matters of considerable 
difficulty. It is not surprising, therefore, that even experieiuied cor- 
rosion engineers often interpret the same experimental data in different 
ways. For this reason, it is necessary to guard against the ac.ceptance 
of too far-reaching or erroneous conclusions, which may be based upon 
insufficient data or which may be due to failure to take into considera- 
tion all the pertinent facts. Unfortunately, it is necessary also to warn 
against taking at face value the statements contained in publications 
obviously prepared for the purpose of promoting the sale of some par- 
ticular product. On the other hand, it is necessary to make as much use 
as possible of the limited data because the cost of tests sufficiently ex- 
tensive to warrant definite conclusions on a statistical basis would be 
prohibitive, even if such tests were feasible. In evaluating the con- 
clusions presented in various publications, therefore, it is always well 
to take into consideration the experience and standing of their authors. 

IIL CAUSES OF UNDERGROUND CORROSION 

1. GENERAL THEORY 

Although the theory of corrosion in general is fairly simple and easily 
understood, the relative importance of the factors, that affect corrosion 
underground is so difficult to evaluate and the conditions under which 
corrosion occurs are so poorly defined that the theory is often more help- 

3 A list of the cooperating- organiz<ations is given in the Appendix 1, 
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fill ill explaining corrosion that has already taken place than it is in 
predicting ivhat may be expected. Nevertheless, it is essential as a 
guide in studying corrosion phenomena and in interpreting the experi- 
mental results. 

Speller [28] in his book on corrosion gives an easily understood 
discussion of the electrolytic theory of corrosion. Ewing [29] in a 
handbook prepared for the American Gas Association, gives an abstract 
of Speller’s discussion. ]\Iany jihases of corrosion, both from the theo- 
retical point of view and from the practical standpoint, are discussed 
by Burns and Schuh [30], Hoar [31], and Evans [20]. An extensive 
discussion of the origin of potential diff^erences leading to corrosion 
is given by Gatty and Spooner [32]. The following summaiy of these 
references, although necessarily too brief to constitute a comprehensive 
treatment of the theory and phenomena of corrosion, may serve as a 
guide to the interpretation of the results of the investigations and 
tests given in this Circular and suggest ways in which corrosion may be 
at least partialH prevented. 

Most metals when exposed to air quickly become covered with a film 
of oxide, which tends to render them more noble, or electropositive, and 
less corrodible. Unfortunately, this oxide film is often either discon- 
tinuous or unstable. If the film-coated metal is in contact with an elec- 
trohfie, such as moisture condensed from the atmosphere or with water 
from some other source, metal particles bearing electric charges (ca- 
tions) leave the surface of the metal at points where the film is discon- 
tinuous (anodes). The simultaneous emission of an equivalent number 
of electrons from the oxidized surface (cathode) results in the formation 
of hydroxyl ions, with consequent removal of hydrogen. This migration 
of ions constitutes a flow of current. The reactions which follow^ depend 
on the availability of oxygen and the chemical composition of the elec- 
trolyte. The reactions at the anodic and cathodic areas tend to change 
the potentials of the respective surfaces in opposite directions, thus 
causing the potential ditfereiice to decrease. The potential of the metal 
with respect- to the adjacent electrol;vi:e is a measure of its tendency to 
discharge ions, that is, to corrode, but this potential does not determine 
the rate of corrosion. The increase of the potential at the anode because 
of the accumulation of metal ions in solution and the decrease of the 
potential of the cathode by the deiDosit of hydrogen or other processes 
are known as anodic and cathodic polarization, respectively. It is this 
polarization of the electrodes that controls the rate of corrosion rather 
than the potentials recorded in the electromotive series. 

Attention is called to the fact that the explanation of corrosion proc- 
esses began with the assumption of an oxidized and an oxygen-free area 
on the surface of the metal, the oxidized surface being the one that did 
not corrode further and was at the higher, or more noble, potential. 
If this is true, it should be expected that if oxygen can reach some part 
of a metal surface and thus maintain the oxide film, the part of the 
surface less subject to oxidation wdll be anodic to the oxidized surface. 
This relation between well- and pooidy-aerated surfaces has been dem- 
onstrated in the laboratory and is the cause of many eases of corrosion, 
especially in soils. Differences of potential may also occur when two 
metals are in contact, when the structure of the metal is not uniform 
because of strains or segregations of impurities, or when the metal con- 
tains two distinct materials, such as graphite and ferrite in cast iron. 
These conditions may be regarded as special eases of points on the 
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metallic surface that differ in solubility, solution pressure, or electric 
potential, which terms are different ways of expressing the same phe- 
nomenon. Similar conditions occur when the electrolyte in contact with 
different parts of the metal differs in density or composition. 

In the papers referred to [30, 31, 32] the authors have discussed in 
detail corrosion processes resulting from the exposure of a wide variety 
of metals and alloys to a large number of solutions. 

Corrosion processes in soils are fundamentally the same as in other 
environments, but the study of underground corrosion is more difficult 
because the exact soil environment cannot be determined readily, and in 
many eases this environment is neither uniform nor stable. In brief, the 
corrosion process is as follows : The positive ions, which travel toward the 
cathode, may be discharged there. Frequently, however, they lose their 
charges en route. Under such conditions hydrogen ions are discharged 
at the cathode. The hydrogen ions may reduce some of the oxide film on 
the cathode or combine with oxygen in the electrolyte to form hydroxyl 
ions (alkali) or w^ater or be deposited on the cathode as molecular hydro- 
gen. The collection of alkali or hydrogen at the cathode makes the ca- 
thode more noble and reduces the corrosion current. Tliis is one form of 
cathodic polarization. If ferrous ions leaving the anode contact Oil ions 
in the solution, ferrous hydroxide is formed. Reaction with oxygen re- 
sults in the formation of ferrous or ferric oxide (rust). If the rust is 
formed at the anode, it may reduce the rate of corrosion. If the combina- 
tion occurs at a point remote from the anode, more ferrous ions enter 
the solution, that is, corrosion continues. Because of the many factors 
that influence corrosion in soils, it is usually impossible to predict accu- 
rately the performance of buried metal or to explain the cause of under- 
ground corrosion with assurance. However, although there is neces- 
sarily some uncertainty regarding specific cases of corrosion of buried 
metal, the results of a large number of tests and of observations of cor- 
roding pipe lines and other structures have made possible the prediction 
of the average performance of materials under specified conditions. A 
large amount of data on underground corrosion has been assembled, 
which, when generally understood, should aid materially in considering 
ways and means of reducing losses due to corrosion. 

2. SPECIFIC CAUSES 

The more important specific causes of underground corrosion may be 
listed in the order of their relative importance as follows : 

Differential aeration. 

Acids and salts in the soil. 

Differences in characteristics of the soil at different points of contact. 

Foreign materials, such as cinders, scraps of metal, or organic mate- 
rials. 

Stray currents (in a few localities) . 

Nonuniformities in structure or conditions of the metal. 

Use of material unsuitable for a given environment. 

Interconnection of dissimilar metals. 

Anaerobic bacteria. 

Long-line currents. 

Differential aeration generally results from unequal compactness of 
the backfill surrounding the buried metal, unequal porosity of the soil 
at different points, uneven distribution of moisture, and the restriction 
of the movement of air and moisture in the soil by buildings, roadways. 
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pavements, and vegetation. Acids and salts in the soil affect the ten- 
dency of metals to go into solution. Any differences in the characteristics 
of the soil in contact vdth points on the surface of the metal that effect 
the solubility of the iron lead to corrosion. Cinders, scraps of metal, and 
organic material may create differences of potential and thus cause 
corrosion. Stray currents from electric generators have been, in the 
past, an important cause of severe corrosion. This cause has diminished 
in importance during the last decade, but is still important in some lo- 
calities. Differences of potential resulting from the way in which the 
metal was made are of only minor importance. Cases of segregation, 
improper heat treatment, poor or dirty material, etc., occasionally occur, 
but they are responsible for only a small percentage of losses due to 
corrosion. The use of materials unsuited to their environment is a much 
more frequent cause. The interconnection of different metals, such as 
the use of copper service pipe with iron water mains, occasionally results 
in corrosion. Anaerobic bacteria may be indirect causes of corrosion un- 
der certain conditions because their life processes depolarize cathodic 
areas. It is a question whether so-called long-line currents are the cause 
or the result of corrosion. The origin of these currents, which are fre- 
quently observed in eross-eountry pipe lines, is in doubt as they could 
result from one or more of several causes. 

3. CHARACTERISTICS OF SOILS AS CORROSIVE ENVIRONMENT 

(a) CLASSIFICATION 

The fact that the rate of corrosion and the depth and distribution of 
pits are different in different soils suggests the possibility that there may 
be a definite correlation between the type of soil and its corrosive action. 
A soil may be considered as a chemical that attacks a metal placed in it. 
However, the percentage of chemically active materials in most soils is 
very low and thus the solution is very weak. On the other hand, the 
chief factor in most underground corrosion is differential aeration. The 
distribution of air or oxygen and carbon dioxide in a soil, as w^ell as the 
amount and distribution of moisture and ionized salts and acids, varies 
widely with the type of soil. For this reason, corrosion is more severe in 
some types of soils than in others. 

It should be pointed out that, in the strictly technical sense, the ma- 
terial in a trench in which a pipe is laid loses its identity as a soil when 
its structure is changed by the shovel or ditching machine. The structure 
of the backfill depends not only upon the soil in which the trench is lo- 
cated, but also upon the way in which the soil was handled. Neverthe- 
less, the characteristics of the soil are important factors, and its clas- 
sification can be very helpful in connection with the maintenance of pipe 
lines. 

A soil may be defined as two or more layers of finely divided, modified 
rock material having well-defined characteristics. In general, the term 
‘'soiT' is applied to the first few feet of material covering the level and 
moderately inclined portions of the earth. Crushed rock and unmodified 
rock on mountain tops are not soils and, strictly speaking, earth re- 
moved from its original position is not soil if it has lost its structure. 

The classification of soils is based on their physical and chemical char- 
acteristics and not on their geologic origin or geographic location, al- 
though the soil characteristics may be influenced by both the origin and 
the location of the soil. 

Soils may be divided broadly into two classes: those in which lime 
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-accumulates in the subsoil (pecloeals) and those in wliicdi it does not 
(pedalfers). In the United States tlie lirst class lies g’eiierally west of a 
north and south line from northwestern Minnesota to a point on tlie 
Crulf of Mexico, 100 miles north of the Mexican border. Marbut [33] 
has classified the well-developed soils of the continental United States 
into eight great soil groups, to which he has added several groups of 



uuaeveloped soils, among wliieli are muck, peat, rongli stony land, sand, 
and some others. Figure 1 shows the boundaries of the great soil groups 
as defined by Marbut. Table 1 lists Marbut’s great soil groups, briefly 
describes typical soil profiles, and gives some of the types represented 
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Table 1. — Description of typical profiles in great soil groups, and classification o] 
soils in ii'hich the National Bureau of Standards test sites are located. 


Class 

Soil groups 

i Description of profile 

Reaction 
of profile 

Soil type 

I 

Podsol 

' CA. 0 , a few inches of leaf mat 

; , Ai, very thin dark-gray . . - 

■ i A 2 , -whitish-gray, a few inches 

j thick 

Bi, dark- or coffee-brown 

;B 2 , yello-wish-brown 

1 Strongly j 

None. 

I 

Brown podsolie. . 

TAo, leaf mat and acid hximus 

1 Ai, thin, dark-gray 

1 A 2 , thin, gray-brown or yellowish- 

] brown 

;'B, brown, only slightly heavier 
[ than surface soil 

/Acid 

[Gloucester sandy loam. 

\ Merrimac gravelly 
[ sandy loam. 

II 

' Gray-brown 
, podsolie 

'Ao, thin leaf litter and mild humus. 
Ai, dark-colored, 2 to 4 inches 

thick 

A 2 , grayish-brown, leached horizon 
extending to 8 to 10 inches. . 
B, yellowish-brown to light red- 
dish-brown, definitely heav- 
/ ier in texture 

‘ do. . . . 

[Hagerstown loam. Ches- 
ter loam. Sassafras 
j silt loam. Miami clay 
loam. Bindley silt 
[ loam. 

II 

Yellow podsolie. . 

[Ad, thin, dark-colored organic cov- 

1 ering 

jAi, pale yellowish-gray leached 
•{ layer 6 inches to 3 feet thick . 

!B, heavy, yellow 

j C, red and gray mottled parent 
[ material (acid) 

do. . . . 

[ Kalmia fine sandy loam. 

1 Norfolk sandy loam. 

[ Ruston sandy loam. 

Ill 

Red podsolie 

f.\o, thin organic layer 

Ai, yellowish-brown or grajish- 

{ brown leached layer 

jB, deep-red 

(C, mottled, red, yellow, and gray. 

' Acid 

[Cecil clay loam. Moni- 
^ phis silt loam. Sus- 
( quehanna clay. 

IV 

Prairie 

[A, very dark brown or grayish- 

brown 

iB, brown 

C, light-colored parent material 
i at 2 to 5 feet 

'Slightly 
acid 
surface 
. soil, 
j Neutral 

1 ^ to alka- 
line sub- 
soil. J 

/ Marshall silt loam. 
Summit silt loam. 

V 

Chernozem 

[A, black or very dark grayish- ’ 
brown friable soil to a depth 1 
^ ranging from 3 to 4 feet. ... 

B, light-colored^ to whitish lime j 
1, accumulation J 

■ Alkaline. . 

Fargo clay loam. 

VI 

/Dark broMTi 
i sods 

[A, dark-brown or dark grayish- ] 

j B, liglit-gray or W’-hite calcareous j 
[ material at 1)^ to 2 feet J 

1 . . . .do 


vn 

Brown soils 

fA, brown ] 

B, light-gray or white calcareous 1 
[ layer at 1 to 2 feet J 

K • . ■ do . . . . 

1 


vm 

/Gray desert 
t soils 

[A, light grayish-brown or gray, ] 

i low in organic matter 1 

IB, light in color, high in lime, j 
[ often high in soluble salts. . . j 

■ . . . .do 

[Mohave sandy loam. 

( Panoche clay loam. 

VIII 

/Soils of Pacific 
\ valleys 

A, brown, reddish-brown or red, 1 

friable soil 

' B, li(.*avy, tough, more intense in 1 
color J 

1 [Neutral ] 
to 

[ 

i line . . . j 

Ramona loam. 

VIII 

'Rendzina (im- ] 
mature soils 1 
developed f 

from marl) . . . j 

A, dark-gray or black granular 1 

soil 1 

^ B, soft, light-gray calcareous ma- 1 
[ terial J 

1 Alkaline. . 

/Houston black clay 
\ loam. 

vm 

Alluvial soils 



[Genesee silt loam. Mil- 
■1 ler clay. Sharkey clay. 

[ Wabash silt loam. 

vm 

Saline soils 

f A, light-colored ashy material. . . 

/ B, darker-colored heax’y material 
[ of columnar structure 

1 

}•. . . .do. . . . 

1 

[Docas clay. Fresno fine 

1 sandy loam. 


S147S6“--4S 2 
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in tlie National Bureau of Standards tests. Baldwin, Kellogg, and 
Thorp [31] in general followed Marbut’s grouping of soils but have 
added several groups. It was not practicable at the time this Circular 
was prepared to classify all the soils in which test sites have been estab- 
lished by the Bureau. 

According to the practice of the U. S. Department of Agriculture, the 
surface layer, or horizon, is designated by the letter A, the subsoil by B, 
and the partly weathered parent material by C. 

Each great soil group contains from 9 to 60 subgroups known as soil 
series, each of which is further subdivided as to the texture of the 
uppermost horizon. The three horizons comprising the profile of most 
soil types may differ widely in texture, color, and composition. A soil 
name consists of two parts — ^the first designates the series and the second 
the type. The series name is usually taken from the name of the locality 
where the series was discovered. The type name describes the texture 
of the top, or A, horizon. More than 200 soil series have been identi- 
fied in the United States. Considerably more than two-thirds of the 
tillable soil of the United States has been mapped. Soil reports'^ are 
issued for single counties or similar political subdivisions. Each report 
contains descriptions of the soil types and a map that shows in color 
the locations of the soil types within the area. The reports do not discuss 
the corrosivity of the soils, but they are, nevertheless, very helpful, as 
the pipe-line engineer can learn from them the aeration, drainage, and 
other characteristics of the soil that affect corrosion along his right-of- 
way. Unfortunately, most of the desert and mountain lands where oil 
and gas are frequently found have not been mapped. The soils of the 
older cities have not been mapped, but soil surveys of cities would be 
of little value because of the disturbing effects of cuts, fills, pavements, 
and buildings. 

The texture of a soil horizon is determined by the percentages of the 
particles of various size groups. As to particle size, there are two grand 
subdivisions — ^those materials having diameters of 2 millimeters (0.079 
inch) or more, which includes gravel, cobbles, and larger stone, and a 
group of materials of smaller diameter subdivided as indicated in 
table 2. 

Table 2. — Classification of soil particles as to size. 


Glass 

Diameter, millimeters 

Gravel and stones 

>2 

Fine gravel 

1 to 2 

Sand 

0.05 to 1 

Silt 

0.002 to 0.05 

Clay 

<0.002 


Marbut has classified soils as to texture as follows : 

I. Sands include all soils containing 20 percent or less of silt and 
clay, the rest of the material being sand. 

1. Coarse sands contain 35 percent or more of fine gravel and 

coarse sand and less than 50 percent of other grades of 
sand. 

2. Medium sands contains 35 percent or more of fine gravel, 

coarse and medium sand, and less than 50 percent of other 
grades of sand. 

^ Soil survey reports may be secured from the Superintendent of Documents, Government 
Printing Office, Washington 25, D. C. Give name of county and State. 
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3. Very fine sands contain 50 percent or more of very fine sand. 

II. Sandy loams contain from 20 to 50 percent of silt and clay. They 
are designated as coarse, medium, fine, and very fine sandy 
loams in accordance with the predominant sand class group 
present. There are also gravelly loams and stony loams. 

III. Loams and clays contain 50 percent or more of silt and clay 
combined. 

1. Loams contain 20 percent or less of clay, from 30 to 50 per- 

cent of silt, and from 30 to 50 percent of sand. 

2. Silt loams contain 20 percent or less of clay, 50 percent or 

more of silt, and 30 percent or less of other classes. 

3. Clay loams contain from 20 to 30 percent of claj', from 20 

to 50 percent of silt, and from 20 to 50 percent of sand. 

4. Clays contain 30 percent or more of clay and 70 percent or 

less of other classes. 

The classification of soils as to texture is shown in figure 2. This figure 



Silt, percent 

J'lGURE 2 . — Whitney diagram for classifying soils according to their clay and silt 

content. 

The te-xture of the soils is determined by the area in which the clay and silt ordinates intersect : 
A, clay; B, sandy clay; C, clay loam; Z>, silty clay loam; £, sand; JP, sandy loam; Cr, loam; 
H, silt loam. 

shows only the percentages of clay and silt. Their sum subtracted from 
100 gives the percentage of sand. 

The A horizon, the texture of which determines the soil type, is usually 
less than a foot in thickness and may differ in many ways from the 
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horizon below it, in w^hieh pipes are commonly laid. Beneatli. tlie true 
soil are one or more layers of unconsolidated material trom which the 
soil is being slowly formed. As pipes usually do' not lie in the A hori- 
zon, the name of the soil type does not indicate the texture of the soil 
to which the pipe is exposed. However, as a soil with a given name is 
always substantially the same wherever it occurs, tlie name of the soil 
does "disclose to those familiar wuth its significance the character of the 
soil in all its parts. Thus, wherever found, the light-textured A horizon 
of Susquehanna sandy loam is underlain by a lieavy, ini])ervious clay 
subsoil. The Norfolk sandy loam, on the other hand, always has a 
friable sandy clay subsoil. Consequently, by reading the soil descrip- 
tions which accompany the soil maps, the pipe-line engineer can deter- 
mine whether a section of his line will be exposed to a poorly drained 
soil, where corrosion is likely to be bad and where soft coatings would 
be distorted, or to a well-drained soil, where little corrosion is to be 
anticipated. (b) chemical properties 

Although a very large number of chemical elements exist in soils, 
most of them are combined in difficultly soluble compounds, whic'h exei*t 
little chemical influence on corrosion. These inert components of soils 
are chiefly combinations of oxygen wntli silicon, aluminum, and iron. 
Iron in various degrees of oxidation is responsible for the color of many 
soils, and this color is an indicator of the degree of aei*ation of the soil. 

Chemical analyses of soils, from the standpoint of corinsion, are 
usually limited to determinations of the composition of the solution 
resulting from the contact of water and soil under standard (^onditiolls. 
The base-forming metals usually looked for are sodium, ])otassiiini, cal- 
cium, and magnesium. The acid radicals sought are carbonate, bicar- 
bonate, chloride, nitrate, and sulfate. Usually the hydrogen-ion (M)ncen- 
tration of the solution, or the total acidity of the soil, or ])<)th, are 
determined. 

The development of acidity in soils is a result of the natural ]) recesses 
of weathering under humid conditions. In regions of niodera-te ra, inf all, 
soluble salts do not accumulate except where soil waters seep to lower 
levels and collect in depressions. However, in regions of Ingh rainfall, 
not only are soluble salts removed from the soil but also the absorbed 
bases normally in the colloidal materials of the soil are partially re- 
moved and replaced with hydrogen ions. This process eventually gives 
rise to the condition known as soil acidity. The depths to which, this 
replacement of bases occurs varies with rainfall, drainage, type of vege- 
tation, and nature of the material present. The fully developed soils 
of the prairie regions are acid to a considerable depth., whereas soils 
whose development has been retarded by poor drainage or other condi- 
tions are alkaline and may even contain appreciable quantities of salts. 
Bast of the prairies the well-developed soils are acid throughout the 
soil profile. 

The soluble constituents of soils affect corrosion because they control 
the potentials of the anodes and cathodes and the resistance of the path 
of the corrosion current. The soluble constituents, especially the salts, 
furnish most of the ions which carry the current. As a rule, soils con- 
taining considerable quantities of salts in solution are corrosive. 

Corrosion is also affected by the reactions between the soluble salts 
and the primary products of corrosion, the effect on the rate of corrosion 
depending on whether or not the reaction products are precipitated 
and on the location of the deposited products with respect to the anode 
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and cathode of the corrosion circuit. In general, if the reactions result 
in the formation of soluble products, or if the products are precipitated 
at a distance from the electrodes, corrosion continues. 

If insoluble, poorly conducting products are deposited on one or both 
of the electrodes, corrosion will be retarded. For example, iron con- 
tinues to corrode in soils containing sodium chloride because the anodic 
corrosion product, ferrous chloride, and the cathodic product are both 
soluble. On the other hand, if calcium bicarbonate is present, difficultly 
soluble calcium carbonate is precipitated at the cathodic areas because 
of the increase in alkalinity in that region resulting from the flow of 
current. As a result of this deposit the current is reduced and the rate 
of corrosion decreases. However, if salts forming soluble corrosion prod- 
ucts are present, the beneficial effect of calcium carbonate is largely 
nullified. 

If iron is placed in a soil containing a soluble sulfate, corrosion pro- 
gresses as in the presence of sodium chloride, but if lead is substituted 
for iron, corrosion ceases after a short time because of a deposit of 
insoluble lead sulfate. 

Table 3 shows the composition of the water extracts from five of the 
least corrosive soils in the original National Bureau of Standards soil- 
corrosion tests and from five of the most corrosive soils in the same tests. 
The table also shows the maximum pit depths on the 12-year-old Besse- 
mer steel specimens exposed to these soils, and the electrical I'esisthity 
of the soils. Analyses were not made of soils of high electrical resistmty 
because of the very low concentration of soluble material in these soils. 

The rate of corrosion is affected hy the time of exposure and the area 
of the specimen exposed. The apparent relative merits of materials with 
respect to corrosion may change with the duration of the exposure be- 
cause of the development or breakdown of corrosion products. Likewise, 
the apparent relative corrosiveness of two soils with respect to a material 
may change with the period of exposure because of the effect of the 
soils on the development of protective corrosion products or the exhaus- 
tion of corrosive elements in one of the soils. For this reason, table 3 
also includes five of the least corrosive soils and five of the most cor- 
rosive soils, based on the estimated time required for 1,000 feet of 8-ineh 
steel pipe having a wall thicloiess of 0.322 inch to be punctured by 
corrosion. The paper [35] from which the data w^ere taken indicates 
that the estimates are very rough. It will be noted that the corrosive 
soils are considerably lower in resistivity and higher in salt content 
than the less corrosive soils. 

The effect of acidity on the corrosion of ferrous metals in soils and 
in natural waters is much the same as that of salts, such as sodium, 
chloride, as the effect in both eases is to increase the solubility of the 
corrosion products. Baylis [36] has pointed out that the tendency of 
iron to go into solution would be a function of the hydrogen-ion con- 
centration if there were rapid displacement of the solution and no 
tendenc}’" to form a surface coating. "Whitman, Russell, and Altieri [37] 
and Whitman and Russell [38] found that in a solution free from salts 
Vr-hieh form protective coatings, the corrosion rate of steel was unaf- 
fected by the hydrogen-ion concentration between pH 9.5 and pH 4, 
but was determined by the rate at which oxygen diffused to the cathodic 
surface and by the protectiveness of the film formed on the metal sur- 
face. The protective action of this film in water having a pH as low 
as 4 was attributed to the fact that the quantity of hydrogen ions 



Table 3. — Com'position of water extracts of some corrosive and oi07icor7'osive soils, 

[mg-eq = milligram equivalent] 
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coming in contact with, the metal surface was insufficient to neutralize 
and dissolve the film. However, when carbon dioxide was introduced 
rapid corrosion occurred at pH 5.4 because then the increased total 
acidity of the water was sufficient to neutralize the hydroxide film. This 
result led to the conclusion that total acidity is more important in 
corrosion by natural waters than is the actual concentration of hydro- 
gen ions, that is, the pH value. 

As the acids in soils are only slightly dissociated, the pH value of 
a soil may offer no indication of the capacity of the acidic material 
to prevent the formation of otherwise protective hydroxide films. An 
acid soil having a relatively high pH value and a high total acidity 
would be expected to be more corrosive than a soil having a lower pH 
value and a lower total acidity because of the greater tendency of 
high total acidity to prevent the formation of protective films, Denison 
and Hobbs [39] found a correlations between total acidity and the 
corrosiveness of soils with respect to steel, both in the field and in the 
laboratory, under conditions in which other causes of corrosion were 
nearly constant. This correlation was confirmed by Denison and 
Ewing [40], who obtained the correlation shown in table 4 between 
total acidity and replacements for a pipe line in Ohio. It will be 
noted that in the absence of other variables, the corrosiveness of the 
soils increased with their acidity. However, the standard deviation of 
the average percentage of repairs shows that even within a single type 
of soil the corrosion varies greatly. 


Table 4 . — delation of acidity to pipe line repairs in different types of soils. 


Soil type 

Total 

acidity 

Standard 

error 

Repairs 

Standard 

deviation 


mg-eq 

Percent 

Percent 

Percent 

Wauseon fine sandy loam^ 

7.5 


6.3 


Canaedea silt loani 

12.7 

2.1 

13.3 

11.0 

l\Tinmi silt loam . 

16 8 

2 8 

22 8 

30 6 

'Mahoning sill, loiini 

18.1 

0.7 

20.9 

isis 

Trumbull clay loam 

21.1 

2.3 

20.0 

20.0 

Crosby silt loam 

22.0 

1.2 

30.8 

16.9 


^ One sample. 


In certain regions of the Midwest and Pacific Coast a correlation 
has been found between soil resistivity and corrosion, the soils having 
the lowest resistiidty being the most corrosive. As the conductivity 
of the soils is entirely electrolytic, the amount and kinds of salts in 
solution would largely determine the resistivity of the soil, and the 
corrosivity of the soil would increase with the salt content. 

(c) PHYSICAL PROPERTIES 

The physical properties of soils that are of importance in corrosion 
are chiefly those which determine the aeration of the soil and its re- 
tentiveness for water. The texture of the soil, which is determined by 
the percentages of the particles of the various size groups, is obviously 
an important factor with respect both to aeration and to moisture con- 
tent. In soils of coarse texture, such as sands and gravels, in which 
there is free circulation of air, corrosion approaches the atmospheric 
type. However, in heavy clay soils, which are usually very retentive 
of water, corrosion proceeds in an atmosphere very deficient in oxygen, 
thereby tending to approach the condition of submerged corrosion. 
There are, however, differences between corrosion processes in water 
and in soil. Some of these occur because soils are much less homo- 
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geneous tlian 'vyater. Other differences occur because corrosio]i prod- 
ucts diffuse more slowly in soils, as convection currents and other 
movements of water are retarded by soil particles. Moreover, corrosion 
tests in water usually involve a single corrosive agent, whereas in soils 
several different factors influence corrosion and may reac't on each 
other. For these reasons great care should be exercised in applying 
the results of tests in water to corrosion in soils. 

Corrosion is retarded by the oxidation of corrosion products that 
produce films or thicker deposits. These deposits either reduce the 
differences of potentials between anodic and cathodic areas or inter- 
pose electric resistance which reduces the corrosion current. The de- 
gree to wdiich oxidation occurs depends largely on liow readily oxygen 
can reach the corroding metal, which is determined by the permeability 
of the different soil horizons both above and below the buried metal 
and the rainfall and drainage of the region. In generiu, the aeration 
of clay soils is poor, whereas that of sandy soils is usually good. How- 
ever, low’-'lying sands, and sands underlain by a consolidated stratum 
or a hard-pan layer, may be pooidy aerated for long periods in regions 
where the rainfall is heavy. 

As the aeration of the soil, which is the chief factor in the supply 
of oxygen and carbon dioxide, is determined not only by the character 
of the soil but also by the amount of water that the soil contains, the 
aeration will vary from season to season and cannot be expressed ex- 
actly or numerically, except perhaiDS for some temporary condition. 

In well-aerated soils the rate of pitting of ferrous metals is initially 
very high because of the abundant oxygen supply at the cathodic 
areas. However, oxidation and consequent precipitation, of the corrosion 
products in close contact with the anodic areas cause a marked reduc- 
tion in the rate of corrosion with the result that the ultinmte depth of 
pitting is relatively slight. On the other hand, in poorly a,erate<l soils 
the rate of pitting, although low because of deflcieinvy of ()xyg(‘ii at the 
cathodic areas, is relatively unchanged with time, because the eorrosion 
products in the reduced condition are precipitated at |)oints remote irom 
the anodic areas. Consequently, the depths of tlie deepest pits after a 
long period are usually considerably greater in poorly aevrafed soils 
than in well-aerated soils. 

Some soil water occupies the larger spaces between the soil particles, 
holes left by decaying roots, etc. This part of the soil moisture varies 
greatly with the season, rainfall, and drainage. Water also adheres 
closely to the minute soil particles, and is removed from them and the 
small soil capillaries only with difficulty. On this account, w’^ell-drained 
soils retain a certain amount of moisture even througli long periods 
of drought. 

Other physical properties of soils that are of importance in soil cor- 
rosion are air-pore space, apparent specific gravity, wmter-holding 
capacity, moisture equivalent, and shrinkage. The air-pore space is the 
percentage of the volume of soil at a definite moisture content that is 
occupied by air. It is therefore a relative measure of the permeability 
of the^ soil to air and of the rate at which moisture can move through 
the soil. Other things being equal, a high value of air-pore space indi- 
cates a relatively noncorrosive soil. The apparent specific gravity, which 
is the weight of a unit volume (1 ml) of undisturbed soil, is an index 
of the compactness of mineral soils because the true specific gravity of 
the mineral particles in soils varies only within narrow limits. This 
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value is influenced to a large extent by the amount of voids in the soil. 
The moisture equivalent of a soil is defined as the percentage of water 
retained by a previously saturated layer of soil of given weight when 
subjected to a centrifugal force of 1,000 times gravity. The moisture 
equivalent is a measure of the retentiveness of soils for water. The 
quantity of water retained by soils when equilibrium -with capillary and 
gravitational forces has been established is the water-holding capacity 
of the soil. 

The volume shrinkage is a measure of the colloidal nature of the par- 
ticles in a soil and indicates the tendency of the soil to crack on drying 
and to swell when wetted. The cracking of soil permits more oxygen to 
reach buiued pipe and so affects the character of the corrosion products 
and the differential aeration potentials. Some soils on drying form hard 
clods which at times act much like stones with respect to differential 
aeration and pressure on pipe coatings. Some soils adhere tightly to 
certain pipe coatings, and as they shrink on drying tend to pull the 
coating from the pipe [41]. Some coatings are pressed into the soil 
cracks when the soil expands due to the absorption of water. Figure 
3 shows cracks in Lake Charles clay soil and ridges in a rag-felt-rein- 
foreed asphalt coating caused by soil pressure. Thus soil shrinkage is 
important to corrosion and pipe-line protection. In general, clay soils 
and soils high in organic matter shrink the most, but not all clay soils 
shrink greatly on drying. For example. Bell clay has a clay content 
of 44.9 percent and a shrinkage value of 23 percent, whereas Susque- 
hanna clay has a clay content of 45.8 percent and shrinks only 4.7 per- 
cent. Fargo clay loam has a clay content of 70.1 percent and a shrinkage 
of 21.0 percent. 

The physical properties of soils are described by Keen [42], This 
publication, however, does not discuss the relations of the physical 
properties of soils to corrosion. The chemical and physical properties 
of soils, as well as their origin and classification, are discussed in the 
Atlas of American Agriculture [33] and Soils and Men [43, 44], but 
neither of these books discusses soil corrosivity. 

The physical characteristics of soils that are favorable to corrosion 
are poor aeration, and high values for moisture equivalent, clay con- 
tent, apparent specific grawty, and shrinkage. These are characteristics 
of hea^^q poorly drained soils. They are not independent of each other, 
and their effects on corrosion may be modified by the chemical char- 
actertistics. Table 5 shows the relative corrosmty of some of the soils 
in the National Bureau of Standards tests, as indicated by the average 
of four criteria [45] and the values of some of the physical properties 
of those soils. 

Soils differ greatly in corrosiveness, and their corrosivity is affected 
by many soil properties. Table 6 shows the maximum and minimum 
values of certain data on soils at National Bureau of Standards test 
sites. The range of values for all soils in this country is considerably 
greater. Widely different soils frequently are found within a few hun- 
dred feet of each other, and corrosive soils are found in most parts of 
the United States. 

As soil characteristics differ greatly and corrosive soils are widely 
distributed, it is obvious that no average value for the corrosiveness of 
soils and no allowance or factor of safety based on average soil condi- 
tions should be used in the design of a pipe line to be installed under 
specific soil conditions. It is necessary in each case to consider the cor- 





riGURE 3 . — Soil cracking and its effect on a pi-po coating. 

A, Cracks in Lake Charles clay. Tlie white spot, below the junction of the crjicks is a fifty-cunit coin; 
JB, rag felt reinforced asphalt pipe coating wi-inkled by soil presBure, Swelling of the soil forced 
the coating into the cracks. Note also cracks in the coating. 

rosiveness of the soils that the pipe line will encouiittn;* if: proper account 
of soil corrosion is to he taken. Any other procedure must result in waste 
on parts of the line and inadequate protection for otlier parts. 

As many of the factors that influence corrosion are not closely related 
and do not vary together, one cannot expect to find a close correlation 
between corrosion and any single soil characteristic. It is important to 
remember this when soil surveys and corrosivity tests are considered. 

IV. INVESTIGATIONS BY THE NATIONAL 
BUREAU OF STANDARDS 
1. GENERAL PLAN AND METHODS 

In 1921 the American Committee on Electrolysis, of which the Na- 
tional Bureau of Standards was a member, decided that the effect of 
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Table 5. — Correlation of soil corrosivity with the physical properties of soils. 


Relative 

corrosive- 

ness 

Soil 

number 

3kIoisture 

equivalent 

(compacted 

soil) 

Aeration^' 

Air-pore 

space 

Apparent 

specific 

gravity 

Volume 

shrinkage 

Resistivity 
at 60“ F 
(15.6“ C) 

1 

b2S 

Perce n i 
19.6 

VP 

Percent 

2.5 


Percent 

5.9 

Ohm-cni 

408 

2 

43 

CO 

VP 

(«) 

(•=) 

60 

3 

14 

12.2 

F 

14.4 

1.76 

1.0 

3,520 

4 

4 

22 2 

P 

7.0 

1.7S 

2.2 

6,670 

5 

40 

31.0 

P 

2.3 

1.78 

16.4 

970 

6 

42 

24. S 

F 

14.9 

1.79 

4.7 

13,700 

7 

37 

7.0 

F 

(") 

0=) 

0 

11,200 

8 

8 

34.8 

P 

8.7 

1.56 

21.0 

350 

9 

11 

31.3 

G 

15.5 

1.49 

S.6 

11,000 

10 

16 

16.5 

F 

12.0 

1.65 

0.6 

8,290 

11 

39 

IS. 3 

P 

7.5 

1.72 

3.8 

7,440 

12 

41 

28.1 

F 

6.9 

1.61 

14.6 

1,320 

13 

44 

25.3 

G 

7.2 

1 1.55 

6.0 

1,000 

14 

3 

29.9 

G 

IS. 2 

1.60 

7.0 

30,000 

15 

30 

24.0 

P 

7.2 

l.Sl 

7.5 

1,500 

16 

32 

11. S 

G 

11.7 

1.85 

0.1 

5,700 

17 

19 

26.3 

F 

3.9 

1.76 

11.8 

1,970 

IS 

2 

35.2 

P 

2.0 

1.95 

23.0 

684 

19 

22 

28.4 

G 

9.6 

1.67 

3.0 

5,150 

20 

18 

22.0 

1 G 

16.6 

1.26 

1.3 

1,410 

21 

25 

18.6 

' F 

9.5 

1.95 

7.6 

1,780 

22 

7 

36.4 

; p 

; 3.7 

2.02 

34.5 

2.120 

23 

36 

14.9 

i G 

16.0 

1.62 

0 

11,200 

24 

17 

27.7 

1 P 

4.4 

1.72 

5.4 

5,980 


a VP =:very poor; P =poor; F =fair; G =good. 

^ Most corrosive soil, 
c Not deterrained. 

Table 6. — 2£axmum and minimum values of certain properties of the soils at 
the National Bureau of Standards test sites.^ 


Electrical resistivity .... 

Moisture equivalent 

Air-pore space 

Apparent specific gravity 
Volume shrinkage 


Property 


Maximum 

value 


Minimum 

\’'alue 


. Ohm-cm . 

.% 

.% 

.% 

.% 


54,40P 
75,5 
40. '6 
2. OS 
42.7 


32 

2.3 

1.1 

1.41 

0 


Total acidity 

pH 

Annual precipitation^ 

Mean air temperature" 

Composition of water extract: 

Na+K as Na 

Ca 

Mg 

C03 

HCOs 

Cl 

BOi 


mg-eq/100 g of soil 


in.2 

.°F, 


mg-eq/100 g of soil 

do 

do 

do., 

do 

do 

do 


297.0 
10.2 
61.6 
71. S 

45.1 

19.24 

9.45 

4.6 

2.1 

43.3 

46.0 


0 

2.6 


"0 

0 

0 

0 

0 

0 

0 


a Determinations by I. A. Denison, R. B. Hobbs, and I. C, Frost. 

Data furnished by United States Weather Bureau, 
c Zero values are estimated from the specific resistance of the soil. 


soils on pipe unexposed to straj^ electric currents should be investigated, 
and the Bureau undertook the project. Soon thereafter the committee 
became inactive, and some years later it disbanded. 

The original purpose of the soil-corrosion investigation was to deter- 
mine the extent to which soils free from currents from street railways 
and other sources of power were corrosive with respect to the metals 
commonly placed in them. It is important to remember this objective, as 
it explains many things with respect to the conduct of the investigation. 
The reader should also bear in mind that many phenomena related to 
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tlie behavior of metals in soils were not generally understood at the time 
the tests were undertaken. 

The next step in the investigation was a meeting of the technical rep, 
resentatives of a number of manufacturers of east and wrought ferrous 
pipe with representatives of the National Bureau of IStandards. At this 
meeting an agreement was reached as to the sizes and varieties of mate- 
rials for the initial tests and the way in which the specimens should be 
buried. The Bureau of Soils, now the Bureau of Plant Industry, Soils, 
and Agricultural Engineering, of the United States Department of 
Agriculture, acted as an adviser in the selection of the types of soils to 
which the specimens should be exposed and assisted in the selection of the 
test sites in order that, insofar as was practicable, the sites should rep- 
resent definite soil types. However, in order to secure labor and keep 
down expenses, it was sometimes necessary to use sites tliat were not 
altogether satisfactory, and which might have been rejected liad the 
importance of very uniform soil conditions been fully realized. 

Each time specimens were removed, manufacturers and other coop- 
erators were invited to have representatives present to note soil condi- 
tions and the condition of the specimens. On each occasion one and 
usually several cooperators' representatives pa]*tici])ated in the removal 
of the" specimens. A rough draft of the report on the si)ecimens was 
submitted to each manufacturer concerned, and usually a, conference 
was held for the purpose of discussing and revising the report. In this 
way the Bureau obtained the advice and suggestions of a large number 
of experts in different phases of corrosion. With a very :l‘ew (exceptions, 
the revised reports had the approval of all conccriUHl. Tlue so-called 
National Bureau of Standards soil-corrosion investigation is therefore 
more than the name implies, and the results can Jxv ac(e(epted with a 
considerable degi’ee of confidence, provided the ^vay in \vliich tluey were 
obtained is fully understood. 

The eooperators in the investigation are listed in Apixmdix T. Each 
cooperator has been listed only once, although many of tlunn. have co- 
operated in several ways and in several tests. The soils where the 
specimens were buried are described in Appendix 2. 

Figures 4 to 6 illustx’ate the ways in which the s})e(dmciis were placed 
in the trenches. The depths at which the spcciuums w(‘r(^ plac(‘d corre- 
sponded roughly to the depths at wdiich pipes had h(‘(Mi, laid in the same 
region, and ranged from 18 inches in tlie soiitlicrn locations to (> feet in 
northern locations. Before the specimens were buricHl, cai'c'fnl tests were 
made for stray electric currents. The specimens were placed in a definite 
order with respect to each other and from 6 inches to 1 foot apart to 
avoid one specimen affecting the corrosion of another and to facilitate 
the removal of one set of specimens withoiit disturbing the soil near 
the other sets. When the specimens were removed, the n])per side or 
edge of each was marked with a center punch. This made it possible to 
study the distribution of corrosion on each specimen wn'th respect to its 
position in the trench, and with respect to other specimens. 

As a rule, 10 or 12 specimens of each material were buried at eacli 
test site, and 2 specimens were removed at intervals of approximately 2 
years. In later years the times between removals were modified in ac- 
cordance with the apparent corrosiveness of the soil to which they were 
exposed. The removal of specimens after different periods of exposure 
was to obtain data on changes in rates of corrosion. It was hoped that 
the life of a pipe of a given wall thickness could be predicted from these 
changes. 
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Figure 4. — Burial of soil corroswii specwiens near Alexandria^ Va.^ in 1932. 

After tlie specimens -were removed from the trench, the loose dirt was 
scraped oif and the specimens were boxed and returned to the National 
Bureau of Standards. Most specimens having' protective coatings ter- 
minated in caps that supported the specimens and prevented the coat- 
ings from touching the box or each other during shipment. When the 
specimens reached the laboratory, each different material was subjected 
to appropriate chemical and mechanical treatments, to remove the cor- 
rosion products with an insignificant loss in weight of the base metal and 
without mechanical injury to the specimen. The methods employed in 
cleaning the specimens are described in detail in Appendix 3, and the 
methods of obtaining, computing, and reporting the data are described 
in Appendix 4. Careful tests showed that the wrought ferrous specimens 
lost very little metal by the cleaning processes. The penetration of cor- 
rosion on cast iron is along the boundaries between the graphite and the 
metal crystals and some uncorroded iron probably wms removed with 
the corrosion products. On the other hand, tests showed that usually 
not quite all the corrosion products were removed by cleaning the 
specimens. 
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Figure 5 . — Arrangement of specimens "buried m 1034 
Note two soil horizons. 

The soil-corrosion investigation started with the burial of only the 
most commonly used pipe materials and coatings. From time to time, as 
specimens were removed, other materials were added to the tests. By 
1932 it had become evident that the corrosion of the commonly used fer- 
rous pipe materials was rapid in some soils, and a new series of tests was 
started for the purpose of finding materials suitable for use in corrosive 
soils. For these tests 15 corrosive soil test sites were chosen, and manu- 
facturers were invited to submit materials which they believed suitable 
for corrosive-soil conditions. This considerably increased the already 
long list of materials under observation and introduced a few materials 
that were unsuitable for testing by the methods applied to ferrous pipe. 
New pipe coatings were also submitted, althougli previous tests had 
shown that tests of coatings applied to short lengths of pipe served only 
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Figure 6. — Arrangement of specimens luried near BaUimore, Md., in 1933. 

to eliminate definitely unsuitable coatings and were insufficient to iden- 
tify coatings that would effectively protect operating pipe lines. 

2. MATERIALS TESTED 

Tables 7 to 18 show the form, dimensions, composition, and the num- 
ber of specimens of each material submitted for the National Bureau of 
Standards tests, and also the coatings tested by the American Gas Asso- 
ciation (AGA) and the American Petroleum Institute (API) under the 
direction of the Bureau. Tests have been started on more than 36,000 
specimens. At present, about 6,500 specimens remain exposed to 17 soils. 

It will be noted in the tables that the same letter has been used to des- 
ignate different kinds of materials. The identification of the material 
involves an identifying letter, the name of the class of materials to which 
the specimen belongs, and the year in which the specimen was buried. 
The form, dimensions, and age of a specimen are also helpful for deter- 
mining the group to which the specimen belongs. As the specimens are 
grouped as to age and material in all the soil-corrosion reports^, readers 
of the reports should have little difficulty on account of the identification 
of the specimens. 


Table 7 . — ComposUioa 


Material 

Iden- 

tifi- 

cation 

Year 

buried 

Number 

of 

speci- 

mens 

buried 

Form 

Nominal 
width 
or dia- 
meter 

Wrought iron : 

b, d 

1922 

564 

Pipe 

in. 

1.5 

Do 

B, D 

1922-28 

742 

do 

3 

Do 

A 

1932 

150 

do 

1.5 


B 

1932 

150 

do 

1.5 

Carbon steels, wrought iron and 
pure open-hearth iron : 

A 

1924 

40 

Rheet 

2.0 


a 

1922 

568 

Pipe 

1.5 

Do 

A 

1928 

174 

do 

3 


K 

1922 

568 

do 

3 


e 

1922 

568 

do 

1 . 5 

Do - . - 

y 

1922 

568 

do 

1 . 5 

Do 

M, X 

1922-28 

SSS 

do 

3 

J’.ow’ carboTi RteRl , 

N 

1932 

150 

do 1 

2.5 

Dow-alioy irons and steels: 

Copper-bearing steel 

Y 

1922 

568 

Pipe 

3 

Do 

S 

1924 

40 

Sheet 

2.0 

Special open— hearth steel 

A 

1937 

150 , 

Plate 

2.5 

Copper-molybdenum open- 
hearth iron 

M. M 

1939 

150 

do 

2.5 

Do 

O 

1937 

150 

do 

2.5 

Do 

N 

1937 

150 

do 

2.5 

Do 

H 

1932 

150 

Pipe 

1.5 

Do 

H 

1941 

150 

do 

1.5 

Copper nickel steel 

J 

1937 

150 

Plate 

2.5 

isickel-copper steel 

B 

1937 

150 

do 

2.0 

Do 

Y 

1941 

150 

Pipe 

2.0 

Do 

D 

1932 

150 

do 

1 . 5 

ChrorDitim-silicon-copi}er phos- 
phorus steel 

G 

1937 

150 

Plate 

2.0 

2% chromium steel with molyb- 
denum 

N, N 

1939 

150 

Pipe 

1.0 

2% chromium steel with molyb- 
denum 

K, K 

1937 

150 

Plate 

2.0 


4 to 6% chromium steels: 

4 to 6% chromium steel . . . 

Do 

4 to 6% chromium steel wit!i 
molybdenum 

4 to 6% chromium steel with 

molybdenum 

High-chromium steels: 

12% chromium steel. ..... 

18% chromium steel 

Do 

26% chromium 

High-chromium-nickel and man- 
ganese steels: 

18% chromium steel with nickel 
18% chromium steel with nickel 
18% chromium steel with nickel 
18% chromium steel with nickel 

and manganese 

18% chromium steel with nickel 

and manganese 

18% chromium steel with nickel, 
manganese and molybdenum. 
20% chromium steel with nickel, 
manganese and molybdenum. 
22% chromium steel with nickel 
and manganese 


P 

1932 

150 

Pipe 

2.3 

D 

1937 

150 

Plate 

2.5 

E 

1937 

150 

do 

2.5 

H 

1937 

150 

do 

2.5 

U 

1932 

175 

►Slieet 

4 

V 

1932 

175 

do 

4 

X 

1932 

00 

Pipe 

1.5 

c 

1920 

06 

do 

1 

K 

i 1932 

150 

1 Sheet 

3 

R 

1932 

CO 

Pipe 

1.5 

W 

i 1932 

175 

Sheet 

1 ^ 

T 

1 1932 

25 

do 

i « 

S 

1 1932 

30 

do 

, « 

C, M 

1939 

150 

Plate 

2 

D. T 

1939 

150 

do 

2.5 

Y 

1932 

175 

Sheet 

4 



of wrought ferrous materials. ______ ^ 


^ength 

Thick- 

ness 

C 

Si 

Mn 

S 

P 

Cr 

1 

Ni 

Cu 

Mo 

Other 

elements 

in. 

in. 

% 

% 

% 

% 

% 

% 

% 

% 

% 

% 


0.145 

0.03 

.02 

0. 15 
. 15 

Trace 
0.033 
0 29 
0.41 

0.023 

.022 

.018 

.018 

0.145 

.195 

.160 

.106 



[L02 



6 



.03 



6 

.216 

.145 

.145 





12 


■ 





Oxide 4-slag 2 . 6Sl 

12 


. 

















Fe 99.9 


.145 

.216 

.216 

.145 

.145 

.216 

.02 

.Q9 

Trace 

.05 

.61 

.01 



.014 



6 





6 


■ 








6 

,12- 




.OSS 

OQ9 






6 




0.50 






6 

6 

.OS 


.40 

.038 

.098 






10 

6 

6 

.145 

.216 

.062 

. 15 

.07 

.033 


.49 

.24 

.030 

.032 

.013 

.008 

.006 



.22 



.002 

0.049 

0.0-34 

.052 



12 

. ISS 

. 029 

.01/ 



1 O 2 , 0.015 

12 

12 

.25 

.25 

.04 

.03 

.06 

-04 

.030 

-003 

.001 

.05 

1 .005 

.16 

.16 

.027 

-032 

.008 

.007 

.06S 

.OIC 

.005 

; .04 

' .02 

1 .02 

.14 

.15 

.14 

.051 

.45 

.54 

.52 

.47 

0.07 

.07 

13 

iX2, O.OOS 

USn, 0.002 

12 

12 

.25 

.145 

.145 

. 32 " 

.16 

I 027 

.025 

.15 

.08 

Ji 

12 

12 

.265 

.248 

1 . 154 

.145 

.06 

.07 

-12 

.14 

.047 

.14 

.12 

.19 



.095 

.OK 

.07 



.95 

1.01 

1.04 

1.05 



.44 

.53 

.21 



1.96 

1.95 

2.47 



. 02 .; 





s.s 

i 



12 







12 

. ISS 

.07c 


on 

me 

! .12. 

j 

1.02 

0.22 

0.42S 

j 



\ .S4 

._U 





14 -a 

. 14o 

.09 

.25 

46 

.OIC 

. 01 ; 

>1 1.90 


I 

.4£ 


12 

1 .175 

.OSi 

5 .51 

.46 


i! . 01 ; 


.07 

1 .00^ 

L .^7 

.Ole 


f ; - -Ui 

' 



10 

. 154 

. 13 


.4(5 1 

.025 

. 012 ' 

5.05 

1 




12 

.245 

.077 

.43 

.37 

.005 

.015 

5.02 ; 

.09 i 

.008 



12 

.188 

.074 

.41 

.32 

.006 

.013 

4.67 

1 

.09 

.004 

.51 

/Al, 0.030 







1 





\Ti, 0.022 

12 

.203 1 

.060 

.39 

.40 

.014 

.021 

5.76 

.17 

.0011 

.431 

Al, 0 . 27 

6 

.063 

.065 

.28 

.38 

.017 

.011 

11.95 

.482 

.025 



6 

.063 

.070 

.34 

.36 

.015 

.014 

17.08 

.092 

.021 



12 i 

. 145 

.12 

.277 

.42 

.017 

.016 

17.72 

.287 




6 

.250 






26 





11 

.025 

.08 

.33 

.44 

.022 

.015 

17.20 

8.95 




12 1 

. 145 

.05 

.28 

.46 

.011 

.015 

17.52 

8.85 




6 I 

.063 

.093 

.42 

.36 

.017 

.008 

18.69 

9. IS 

.016 



10 

.063 

.06 

.40 

6.09 



17.76 

3.83 

1 .95 



10 

.063 

.07 

.48 

9.44 



17.78 


.74 



12.5 

.25 

.07 

.40 

1.24 

.008 

.016 

17.78 

10 . 96 

i 

2 . 63 


12 

.25 

.07 

.91 

1.99 

.012 

.014 

1 

19.27 

22.12 

1.07 

3.52 


6 ^ 

.063 

.144 

.59 

l.SO 

.Oil 

1 .015 

22.08 

12.94 

.021 




CO 
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Table 11. — ^Letallic-coated specimens. 



1 oz/fts of surface =0.00172 in. 

^ Uneoated black sheets buried for controls, 
e Black iro.u pipe buried for controls. 
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Table 12. — N onhituminous-nonmetaUic coatings. 


Identi- 

fica- 

tion 

Year 

buried 

Number 
of _ 
speci- 
mens 

Average 

thick- 

ness 

Descuiption'^ 

B 

t. 1932 

150 

in. 

A synthetic rubber, stated to be an olefin polysulfide reaction 
product, was exposed in the form of sheets 10 by 5 by >4; inch. 
Subsequently, a process was developed which permitted 
application of this material to pipes. Specimens coated 
by this process were exposed in 1039. 

C 

1932 

150 

0.014 

Two coats of porcelain enamel, one of which was acid-resisting. 

D 

1932 

150 

.010 

First coat, 23-percent solution of a rubber derivative in xylene; 
second and third coats, 30-percent solution of the rubber 
derivative in xylene; fourth coat, 20-percent solution of the 
rubber derivative in a mixture of turpentine and mineral 
spirits. Five percent of the solids was carbon blacdc. 

E 

1932 

150 

.005 

Two applications of paint that differed in color. Neither the 
kind of pigment nor the kind of vehicle was specified. 

F 

1932 

150 

.060 

A semiplastic compound, whic^h was applied cold with a brush, 
consisting of 4)4 parts of treated cashew-nutshell oil, 3 parts 
of asbestos fiber, and 3}4 parts of mineral turpentine sub- 
stitute. 

G 

1932 

60 

.090 

A hard-rubber compound, containing rubber, sulfur, and an 
accelerator, cured to a bone-hard condition. 

H 

1932 

60 

.100 

A highly loaded hard-rubber stock whicih contained 30 percent 
of magnesium carbonate and approximately 15 percent of 
“white substitute.” 

J 

1932 

80 


A S3nithetic resin varnish baked at 425® F for 30 minutes. 

A paint containing highly chlorinated rubber, dissolved in a 
suitable solvent, to which may have b(‘on added drying oils, 
pigments, quarts meal, or carborundum. This coating was 
applied in Germany to pipe 1 iruth in outside diameter. 

K 

1932 

30 

.006 

W 

1932 

150 

.170 

Aji experimental coating prepared as follows:^ The pipe was 
primed with a ehina-wood-oil varnish (tontainiiig zino chro- 
mate and basic lead (;hromat(5 and baked at 200® F for hour. 
A top coat of dehydratcid (ihina-wood oil containing powdered 
mica and a catalyst was molded on the pipe and heated to 
200® F for 3 hours. 

L 

1937 

150 

.007 

Two coats of a Bakelite varnish followed by two coats of 
another type of Bakelite varnish, ciach coat Vxung baked after 
spraying. It appears as though the baking has resulted in a 
fusion of the separate layers. 

Ml. . .. 

1937 

150 

.004 

' Two coats of a Bakelite priming followed by two coats of a 
bakelite chemically resistant aluminum paint. Each coat 
was sprayed and allow(id to air dry oven-night. More speci- 
fically the priming consisted of a Bak(dite 25-gallon varnish — 
55 parts, zinc chromate, 30 parts, asbestine!, 15 parts, to which 
was added lead-cobalt-niangaiU!se drier. The finishing 
aluminum paint consisted of 2 pounds of aluminum paste 
to a gallon of a Bakelite chemically resistant varnish. 

Ma.... 

1937 

150 

.003 

The same as coating Mi, except that it was applied to 2)4 by 
12-inch plates instead of to pipe. 

N 

1937 

150 

.032 

A double layer of TJakeliic-i rcaied asbestos tape, the second 
layer ovoriapjnng ibc lir-i. wiiicli was made to adhere to the 
pipe and ro ilie ilr-:: luvu-r of (ape by the use of an anticor- 
rosive resin compound. A final protecdive (!oat was used 
over this tape, consisting of a spray coat of the same Bakelite 
cheimcally resistant aluminum enamel as used on the Mi 
specimens. 

P 

1937 

50 

.033 

A fabric coated on one side with Koroscul to an over-all thick- 
ness of 0.03 inch. The fabric was wrapped spirally on the 
pipe under tension with the Koroseal next to the metal and 
then painted with two coats of Koroseal solution applied hot. 

R 

1939 

150 

.0055 

A blue basic lead sulfate phenolic rosin varnish paint consisting 
of two coats of the following composition: 

Basic lead sulfate in raw linseed oil (90% pigment) .... 100 lb. 

Lampblack in raw linseed oil (2% pigment) 3 lb. 

Chma-wood oil 100% phenolic resin varnish (33- 
gallon length) 23.9 lb. 

S 

1939 

150 

.044 

Plastic made of pure vegetable gum base with nondrying oils 
and asbestos fiber applied cold. Shielded by a spiral wrap 
of impregnated cotton fabric. 

T 

1939 

45 

.035 

Thiokol sprayed on. 


coatings were applied to IJ^-inch standard pipe, 12 inches in length, unless otherwise stated, 
ine descriptions of the coatings were furnished by the manufacturers. 
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Table 13. — Miscellaneous specimens included in ihe National Bureau of Standards 

tests. 


Symbol 

Material 

Year 

buried 

Number of 
specimens 
buried 

A 


1932 

48 

B 


1932 

48 

C 


1932 

48 

D 


1932 

48 

CD 


1939 

150 

CE 


1939 

150 

E 


1924 

100 



1924 

96 



1924 

100 

E 


1924 

56 

I 


1924 

24 

V 


1924 

48 

S 


1924 

48 



1922 

192 

P 


1941 

150 


Miscellaneous Bureau of Mines zinc plates - 

1924 

27 

C 

1-inch chrome iron pipe 

1926 

66 

C 

2-inch copper-steel pipe 

1926 

20 

D 

2-inch machined wrought-iron pipe 

1926 

18 

K 

2-ineh' unfinished wroiighti-iron pipe 

1926 

18 

L 

2-inch leadized pipe 

1926 

42 

M 

2-inch machined Bessemer steel pipe 

1926 

18 

P 

2-inch unfinished Bessemer steel pipe 

1926 

IS 


Pour different mixtures of pipe fittings (brass caps attached to lead, 




brass, and galvanized nipples) 

1924 

2,208 


11 types of bituminous coatings 

1924 

976 


Armoured cable 

1924 

246 


American Gas Association bituminous-coating tests^ 

1929 

2,352 


American Petroleum Institute bituminous-coating line tests^ 

1930 

2,050 


American Petroleum Institute bituminous-coating nipple tests^. .. . 

1930 

2,208 


Asbestos-cement flue pipe 

1932 

150 


6-inch asbestos-cement pipe, class 150 

1937 

150 


4-inch asbestos-cement pipe, class 150 

1939 

150 

I . . . . 

Cement-coated cast iron 

1924 

52 






a See tables 17 and 18 for description and characteristics of these coatings. 

^ See tables 14, 15, and 16 for description and charactertistics of these coatings. 
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Table — Coatings in Americati PftroJnim Fnsdtulc Unv tesis. 


Symbol 

Thickness 

nciscriiitioii 

A 

in. 

0.0647 

Two coats of asphalt emulsion. 

B 

.1072 

One coat of grease, spiral wrap of gr(‘a.s('-.satunU,('(l fubri<! (Osiuihurg type) nnd 
outer coat of heavicr-consi.sLnuiy ixronsc. “ ' 


G 

.0206 

Two coats of filled cutback coal tar. 

E 

.1506 

Asphalt primer, followed by sling coat <)f asphalt comt>ound, spiral wrap of 


coal-tar-saturated Osnaburg fabric, out<n- coat of asphalt and kraft paper. 

F 

.4185 

Two coats of asphalt emulsion, followed by rigid shi(‘ld of .sa,nd and cement 
mortar. 

G 

.0625 

Coal-tar primer, followed by coal-tar -a.spl wilt <main<‘l, and unbondt'd wrap of 
asbestos pipe-line felt. 


H 

.0807 

Coal-tar primer, followed by coal-tar <miuncl, and ind)oiind<'d wrap of wood 
veneer. 


K 

.0685 

Coal-tar primer, followed by coal-tar-a.sphaIl. cnanud. 

Coal-tar primer, followed by coal-tar cnanud. 

Do. 

L 

.0798 

M 

.0576 

N 

.0596 

Coal-tar primer, followed by coal-tar-a.sphalt <mam(d. 

Asphalt primer, followed by a hot coat of priming asphalt, and spiral wrap of 
asphalt mastic carried on pipe with tissues and slnsuthing paper (muchints- 
applied) . 

0 

.5186 


R 

. 1427 

Asphalt primer, followed by two coats of asphalt (marnel; spiral aisplication 
asbestos pipe-line felt; flood coat of cnanud, and kraft pap(n* ! ni.achine !ii)i)li(!fr,. 

s 

.1502 

Asphalt primer, followed by two coats of a.sphalt; Hi)irMl .opplicslion of rag-haso 
pipe-line felt; flood coat of asphalt, ami kraft papeu- (ina<dilm-api)licd). 


T 

.3507 

Coal-tar primer, followed by two straight-away rag-bas(^ \)ip(‘-litu^ felt applica- 
tions on the inner faces of which coal-tar (snanud mopptul on; sling coat of 
coal-tar enamel, and whitewash. 

U 

.1709 

Coal-tar primer, followed by two coats of coal-tar -asphall. (manud; spiral apjdica- 
tion of asbestos pipe-line felt; flood coat of cnanud, and kraft paper (maclune- 
applied). 


X 

.2302 

asphalt primer, followed by doublc-s|)iral wrai) of unsaiurabsl fabric: (Osna- 
burg type) drawn through molten asphalt., and spirnl-l»ut i, wrai) of 2(i.gago 
strip steel. 


Y 

.0287 

Asphalt primer, followed by one coat of asphalt (uitba<dv; otie coat of asphalt 
adhesive, and machine-wrap of aluminum foil. 


Z 

.2062 

Hot asphalt primer, followed by double-spiral wrap of unHaf.urat(al fabric (Osna- 
burg type) drawn through molten asphalt, and kraft paper (uuuduue-applie.dl. 
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Table 15 . — Coatings on American Fetroleum Institute short pipe sections. 


1 

Symbol ' Sponsor 

i 

Average 

thickness 

1 Description 

1 

a 

American Tar Products Co. . . . 

in. 

0.054 

Pyrmax primer, followed by one coat of Komac 

b 


.020 

P. C. enamel (coal tar). 

Two coats of filled Arco Q. D. Savaline (cutback 
coal tar). 

One coat of filled Arco Q. D. Savaline; spiral wrap 

bb 

i do 

.034 




of saturated fabric (Osnaburg type) ; and final 
coat of Savaline. 

c 

1 Barber Asphalt Co 

.072 

Asphalt primer, followed by two spiral wraps of 

cc 

' ... .do 

.045 

saturated fabric (Osnaburg type), and kraft 
paper — Genasco pipe-coating type 1 — (fabric 
and kraft paper machine-applied). 

Two coats of cutback asphalt—Genasco pipe- 

d 

The Barrett Co 

.342 

coating type 2. 

Barrett coal-tar primer, followed by two coats of 

dd 

....do 

.050 

rag-base roofing felt to the inside face of which, 
hot Barrett pipe-line enamel (coal tar) was 
mopped on, and an outer coat of enamel fol- 
lowed by whitewash. 

Barrett coal-tar primer, followed by Barrett pipe- 

ddd... . 

■•■■do 

“.050 

line enamel (coal tar) and whitewash. 

Barrett coal-tar primer, followed by Barrett pipe- 

e 

ee 

Dearborn Chemical Co 

....cio 

.020 

.022 

line enamel (coal tar) and unbonded polymer- 
ized resin shield. 

One coat of No-Ox-Id G special, spiral wrap of 
grease-saturated fabric (Osnaburg type), and 
outer coat of service coat (heavier-consistency 
grease). 

Same as e e.xcepting impregnated asbestos-base 

f 

E. T. dnPor.t de XemoiT’*? and 



.149 

roofing felt used in place of woven fabric. 

Tw'o coats of asphalt-cbromate emulsion, spiral- 

ff 

... .do 

.100 

butt wrap of asbestos pipe-line felt, outer coat 
of A.C.E. and whitewash. 

Two coats of asnhalt-chromate emulsion followed 

fff 

....do 

.037 

by a coar- of sand and cement mortar. 

Two coats of asphalt-chromate emulsion (white- 

g 

Eagle Pieher Lead Co 

.009 

.009 

.015 

w'ashed). 

Under coat of sublimed blue lead follow’ed by 
bitumastic primer (coal tar) and bitumastic 
XXH (coal-tar enamel) . See coating zzz. 

Asphalt primer foUow'ed by one sling coat of 
I.B.jM. bituminous pipe coating No. 4 (asphalt 
mastic). 

Three coats of Headley No. 11 asphalt emulsion. 

h 

j 

. Benjamin Poster Co 

Headley Emulsified Products 
Co 

k 

' Hill, Hubbell and Co 

.075 

Biturine primer, foUow'ed by sling coat of biturine 
No. 212 enamel (coal-tar-asphalt). 

Biturine primer follow'ed by two coats of biturine 
No. 212 enamel (coal-tar-asphalt), spiral wrap 
of J.M. 15-lb asbestos pipe-line felt, flood coat 
of enamel, and kraft paper (machine-applied). 

Inertol No. 49 primer follow’ed by two coats of 
seal coat (cutback asphalt) and kraft paper 
(kraft paper machine-applied). 

Priming coat of zinc chromate, followed by 
McLean’s asphalt emulsion and WTapped with 
asphalt-saturated burlap and kraft paper 
(burlap and kraft machine-applied). 

McEverlast penetration followed by a coat of 
hot blended compound (asphalt), spiral wrap 
of coal-tar-saturated Osnaburg fabric, outer 
coat of H.B.C. and kraft paper (fabric and 
kraft paper machine-applied), 

AspbaH primer, follow^ed by hot coat of priming 

kk 

.... do 

.105 

1 ' 

1 Inertol Co 

.031 

.0S9 

.158 

.337 

m 

n 

nn 

Andrew McLean Co 

Everlast, Inc 

. . . .do 

P 

PP 

Lead Industries Assn 

.... do 

.071 

.138 

ar-.d spiral WTap of Somastic (asphalt 
n-.a.-i. c.nr’"i-..:d on pipe with tissue and sheath- 

ing paper (machine-applied). 

One coat of red-lead paint, ^followed by bitumastic 
primer and bitumastic XXH (coal-tar enamel). 
See coating zzz. 

One coat of red-lead paint followed by coating q. 

ppp.. . 

. , . .do 

.015 

Priming coat of red-lead paint followed by two 

1 



coats of Headley No. 11 (asphalt emulsion). 
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Table Coatings on American Petroleum Institute short pipe sections —Continued. 


Symbol 


q. 


qq 

qqq... ■ 

r 


t. 

u. 


Sponsor 


Averaso 

thickness 


Description 


in. 


National Tube Co. 


. 155 


Hot Robertson as])halt., followed by double-spiral 
wrap of uiisaturaied fabric (Osuaburi^ type) 
drawn through molten Rolxtrtson asphalt and 
kraft paper (machinc-applieil). 


.... do 

.... do 

Fish-Schurman Corp. 


Resisteor Engineering Corp.. . 
do 


Sher^Hn-Williams Co. . 
James B. Sipe and Co. 


.210 


.183 


. 105 


.041 

^041 


.052 


.047 


Same as coating q, e.xcepting 2(i-gage strip steel 
substituted for kraft paper. 

Hot Robertson asphalt, followed by extruded 
National mastic (asphalt). 

One coat of grease, followed by spiral-wrap of 
Denso-Tek pi'otcctive tape (grease-saturated 
Osnaburg-type fabric), and outer coat of 
asphalt-saturated burlap. 

Resisteor primer (coal tar) followed by sling coat 
of Resisteor enamel (coal-tar-asphalt). 

Resisteor primer (o.-il-liir .-.i-iiliMl!) f.-.llowcd by 
sling coat of lic-i-icor c:::i:!icl tar) and 

unbonded wrap <■.' I.'-!!) pipe-line 

felt. 

Lynkote primer (coal tar), followed by sling coat 
of Lynkote enamel (coal tar). 

Impervobond No. 411-0(S3 (asphalt primer), fol- 
lowed by cutbaek-aspludt compound sprayed 
on. 


V 

Standard Oil Co. of California . 

VY 

.... do 

w 

Standard Oil Co. of New .Jersey. 

ww .... 

Johns-Manvulle Corp. and 
Standard Oil Co. of New 
Jersey 

X 

Technical Products Co., Inc., 
Aluminum Co. of America. , 

y 


yy 

....do 

yyy... - 

yx 

. , . .do 

Udylite Process Co. . . 

2 

Wailes Dove-Hermiston Corp. 

22 

W ailes Dove-Hermiston Corp. 
Merchants Basket and Box 

Co 

2Z2 .... 

Wailes Dove-Hermiston Corp. 

2X 

.... do 


.337 

.079 


.092 


Same as nn, using asphalt-mastic pipe coating. 
Asphalt primer, followed by Honamel (asphalt- 
enamel) tissue paper, and kraft. 

Asphalt primer and two coats of Stamlard pipe 
coating (asphalt-enamel) . 


.170 


Asphalt primer, followed by one coat of Standard 
pipe coating (asphalt-enamel), spiral applica- 
tion of J.M. 15-11) asbestos pii)e-line felt; Hood 
coat of enamel, and kraft paper (fabric 
machine-applied). 


.018 

.144 


.199 

.259 


.0004 

.072 


Tec-Pro primer (asphalt), follow(‘(l l)y one coat of 
Tec-Pro black line No. 45 (aspiialt cutback) 
and Tec-Pro adhesive (asphalt) and machine- 
wrap of aluminum foil. 

Texaco primer (aspiialt), followed by two coats of 
Texaco No. 30 a.'^phall pi])e coating, spinil wrap 
of Texaco i>i])(^-lin(' iVU, (asphali-saiuraied rag- 
base); flood coat of asphalt and kraft paper 
(machine-applied) . 

Texaco primer (asphalt), followed by two coats of 
Texaco No. 30 asphalt pii)c coating, spiral wrap 
of Texaco pipe-line felt; coat of asphalt, second 
ply of felt and kraft paper (rnacliine-applicd). 

Same as co.'iting yy. e\Tcp^iT!g a, f!ood coat of 
Texaco N\>. ; cfi.-i:!!:!': over second 

ply.of fe'i. wrai) <<:' !;r:if! paper. 

Electrodepositecl cadmium-udylite. Cadmium. 

Bitumastic _ primer, followed by sling coat of 
biturnastic XH enamel (coal tar) and white- 
wash. 


“.077 Biturnastic primer (coal tar) followed l)y sling 
coat of biturnastic XXH enamel (coal wir) and 
unbonded wrap of Becker’s sewed wood veneer. 

.077 Biturnastic ^ primer, followed by sling coat of 

biturnastic XXH enamel and whitewash. 


.012 


Two coats of biturnastic No. 4 (cutback coal tar). 


Without shield, felt, or wood veneer. 
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Table 16. — Characteristics of 'bituminous coating lyiaterials in the 
American Fetroleum Institute tests. 

[Determinations by H. S. Christopher] 


Designation of 
material 

Specific 

gra\nty 

Ring-and- 

ball 

softening 

point 

Penetration 
( Dow) 
at 115° F 
in 5 sec 
(50 grams) 

Ductility 
(Dow) 
at 115° F 

Consistom- 

eter 

hardness 
(Abraham) 
at 115° F 

Insoluble 

in 

Asha 

E 

1 . 02 s 

op 

186 

20 

cm 

14.0 

14.7 

Percent 

2.12 

Percent 

0.98 

G, N 

1.420 

202 

3 

0.7 

67. 1 

42.9 

26.5 

H, L 

1 . 62S 

205 

2 

3.9 

54. S 

55.4 

37.8 

K, U 

1 . 266 

192 

16 

16.0 

23.5 

29.1 

18.9 

M 

1.418 

145 

S3 

60.0 

44.5 

37.4 

22.9 


0.996 

194 


3.2 

10.9 

1.0 

0.4 

T 

1.350 

191 


4.1 

63.5 

34.1 

14.4 

X, Z 

0.997 

23S 

ie 

2.5 

17.1 

0.7 

0.13 

a 

1.300 

241 


2.7 

34 . 5 

42. S 

10.9 

d. dd 

1.360 

190 


3.6 

56 . 5 

32.7 

13.2 

g, zz, zzz 

1.610 

205 

2 

3.8 

61.3 

55 . 6 

35.3 

h 

1 . 6S5 

189 

21 

10.3 

13.0 

61.6 

61.3 

k, kk 

1.259 

192 

27 

62.0 

9.1 

21.9 

5.6 

n 

1.032 

190 

14 

12.6 

10.9 

4.6 

2.4 

q. qq 

1.006 

232 

33 

2.5 

10.0 

0.8 

0.4 

s, ss 

1.421 

195 

2 

2.8 

63.0 

40.6 

26.9 

t 

1.420 

15S 

25 

58.2 

10.0 

39.3 

21.4 

vv 

l.OoO 

320 + 


0.0 

36.7 

17.0 

13.4 

w, ww 

1.470 

163 

30 

7.2 

8.8 

42 2 

39.9 

y. yy, 

1.011 

189 


3.2 

10.9 

i!i 

0.5 

" 

1.63S 

1 

222 

'6 

1.7 

60.4 

57.6 

40.2 


When differences between the insoluble in CS 2 and ash are greater than 4 percent, the difference is 
apparently due to free carbon (a constituent of coal tar). 



Taulk M, -J)cscripfituiH of jnpc rtiatint/s iii 


Hym- 

hol 

Manufacturer 
«ir agent 

Nature 

of 

lm.*«n 

primer’* 

MeiluMl 

of 

applying 

primer 

Truthi name 
of prinu*r 

hlethod 

of 

applying 

coating 

A 

Am. Tar IToducta 
t-o 

P 

Brush 

A. T. P. ijrimer 

Sling 

B..... 

Barrett Co, 

P 

. .do 

B. P. L. primer 

. .do 

BB . . . 

• .do 

p 



Hand 

C 

Benjamin Foster 

a 




Co. 


treatment. 



CC . . . 

. . do ............. 

a 

Brush-hot 

I. B. M. No. 1 

klachine 

D 

DearbornChem.Co. 

g 

Brush 

No-Ox-Id A special 

Hand 

DD... 

. . do 

g 




E 

Emulsion Process 

a 

. .do. 

E. P. No. 1 

Brush 


Co. 





EE. . . 

Consolidated Gas 

a 

Dipped and dusted 




Co. of N. Y. 


with cement. 



F.... . 

Flintkote Co. and 

a 





E. I. duPont de 


no other treat^ 




Nemours & Co, 


ment. 



FF. . . 

. .do 

a 

Brush 

A., C. Ej* 

Inrush 

G 

Headley Good 

a 

. .do 

Headley No. 11 

. . do 


Roads Co. 




H 

Hill, HubbeU & Co. 

P 

. .do 

Inhiburine 

1 Sling 

J 

J ohns-Manville 

P 

. . do 

J. M. tar primer 

Machine 


Corp. 





JJ. . . . 

. . do 

a 

. . do 

J.AI. asphalt primer 

. .do 

K 

Arco Company 

P 

. .do 

Arco ravenite 

Brush 

L 

Barber Asphalt Co. 

a 

. .do 

Plastic pipe ctg. 

dn 

LL. . . 

. . do 

a 

. .do 

Genasco primer 

Machine 

M.... 

McEverlast, Inc. 

a 

. . do 

Penetration 

Brush 

MM. . 

. .do. 

a 

. .do 

. . do 

Sling and 






hand wrap. 

N.... 

National Tube Co. 

a 

Dipped 

Robertson No. 228 

IHachine 

NL... 

Lead Indus. Assn. 


Brush 

Red lead 

do 

NS. .. 

National Tube Co, 

a 

Dipped 

Robertson No. 228 

Machine 

NT.. . 

. , do 

a 

, .do 

. .do. . . . 


P..... 

ParafiSne Co., Inc. 

a 

Brush 

Pabco No. 440 

: XJJILX U.I,XCvX 

1 Pabco Mach. 


Q..,.. 

Albrecht Pugeii- 
stecher. 

Resistor Eng. Corj). 
Sherwin-William.s 


Wrapped, no other 


Alachine 

Sling 

R. . . . 
S 

n 

P 

treatment. 

Bru.sh 

. . do 

Resist, primer 
Lyne-Kote primer 

. .do 

BS.... 

Co. 

. .do 

I» 

. .do 

. . do 

U . . . . 

1 exas Co, 

Hill, Hubbell & 

Co. ^ 

Iroquois Gas Corp. 

a 

P 

. .do 

. . do 

Texaco primer 

Maeliino 

df» 

V 

a 

. .do 

Robertson No, 274 
. .do 

Inertol 

Bitumastic solu- 
tion 


vv. . . 

. .do 


. .do 

. .do 

. .do 

liana 

. . do 

. .do 

Sling 

vx... 

. .do 


w. . . . 

Wailes Dove- 

1> 


Hermistoii Corp. 


WF... 

. . do 

P 

..do 

. do 


WL . . . 
WR... 

Lead Indus. Assn. 
Wailes Dove- 

P 

..do. 

. .do 

Rod lead 

Bitumastic Solu- 
tion . 

. . do 

Pabco primer 

JM&cIiihg 

Sling 

ww. . 

X. . .. 

Hermiston Corp. 

. .do. 

Milwaukee Gas 

P 

a 

. .do. 

. .do 

. .do 


Light Go. 



Pabso Mach, 

Y. . . . 

Ea.st Ohio Gas Co. 

a 

No primer 


Hand 

Machine 

z 

Hill, Hubbell & 

Co. 

P 

Brush 

Inhiburine 


Final application kraft i)ape:-. 
b a, asphalt; p, pitch; g, grease. 



A tnrrit'iin (rtis Afisiu'iatifpth It-.'itft. 


>fu1uri* 

of 

I >UK« 

inK‘‘ 


P 

1> 

P 

a, 

a 

K 

g 

a 


P 

P 


nuiiMf 
of oout.iiiK 


A. X. P. iJipti 

iiiK No. 1. 

1^. 1», I., oiiainul 
Pitc^li and f(dt 
I. H. M. pipo coat- 
ing. 

I. li. M. No. 3 


No-Ox-Id O 
No-Ox-Id ON 
Pai'afalt 


-pa 


Armored fiydralt 


A. G. E. 

A. C. E. -{- cemen-fc 
Headley No. 11 


Pilurine 

J. AI. pitch No. 2 
J. AI. asphalt 


Save-a-line 
P. P. C. 


Electrolysis proof 
AI. P. G. 


National coating 

. .do. . 

. - do 

Robertson N o. 230 
Floatine 


l;'al 

r«*iiih»rcfii«»iit 

if any 

Alan 

litiUCH tl> 1 

ai>i»ly ( 

et>tttiiig 

Average 
teiiipertt- 
ure of Hi>- 
l»licati<in 

A\mt- 

Jige 

thiidi- 

lUJHS 




t/t . 


2 .K 

:tso ( 

) . 070 


4.0 

350 

.038 

1.5-lb rag felt 

4 . Ft 

0.0 

370 

. 134 
.014 

15-lb asbestos 

7.5 

375 

. 120 

No-Ox-Id muslin 

7.. 5 

Gold 

.054 

. .do 

i 10.5 

2SO 

.071 


4.0 

Gold 

.047 


1.8 

j . . . do. . . . 

. 0605 


4.0 I 

... do . . . . 1 

.082 


4.0 

. . . do . . . . 

.029 


3.75 

. . .do. . . . 

.016 


2.0 

470 

.034 

Id-lb asbestos 

6.7 

3.50 

. 163 

. . do 

7.5 

475 

.126 


3.5 

Cold 

.009 


2.7 

. . . do ... 

. .024 

Saturated cotton 
sheeting.^ 

3.8 

. . do . . . . 

.056 


4.3 

. . . do . . . 

.OlO 

Osnaburg 

5 . 5 

375 

.080 

Aluslin^ 

6.0 

3S0 

. 146 

. . do®* 

6.23 

380 

- 117 

Aluslin and steel 

6.0 

382 

340 

. 147 
. 131 

Pabeo felt> 

2.2 

350 

. 123 


fe 


K 

Scliade’s wrapper 

Schade’.s wrai)per 

6 . 0 

Cokl 

.051 

p 



2.0 

2.0 

3.0 

8.3 

400 

420 

Gol<I 

450 

.001 

1> 

Ivyne-Kote hot 


P 

Eyne- Kote cold 


.007 
. 150 

a 

Texaco No. 30 

15-lb rag felt** 

P 

Riturine spec. 

TK-1. 

30-lb rag felt** 

3.6 

425 

.214 

a 

Robei-tson asphalt 

Cheesecloth 

2.<» 

420 

070 

a 

Std. N. J. bi'ick 

. . do 

3.0 

410 

. 038 


filler. 



a 





1 -f 

P 

Ilituinastic (XXH) 

Ilitumastic 


3 . 5 

6.7 

456 

425 

■ Q 

P 

15-lb asbesto.s 

. 154 

IJ 

. -do 


3 


p 

. . do 


3'5 


052 






p 

. . do 

Wood A’-eneer 

Paljco rag felt 

3 3 

4*^0 

. lOO 
. 123 

a 

Floatine 

2^0 

400 

a 



1 7 



P 

Biturine spec. 
TAX-1. 

15-lb asbestos** 

C>.3 

430 

.115 
. 119 


14^ 

CO 
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Circulars of the National Bureau of Btaudards 
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3. SOILS AT TEST SITES 

For a complete imderstaiiding of the results of the National Bureau 
of Standards tests, detailed information as to the conditions to which 
the materials were exposed is essential. Descriptions of the profiles of 
the test sites are therefore presented in Appendix 2. 

These descriptions were prepared in most instances by soil scientists 
of the U. S. Department of Agriculture. In a few cases the description 
of the site was prepared by the man who buried the specimens. The 
reader will see that in many cases the test trench was not uniform in 
all respects throughout its length. This contributed to the dispersion 
of the data. Under the conditions of the test, it was impracticable to 
secure completely uniform sites. However, the uniformity is probably 
greater than that encountered by pipe lines, and the lack of uniformity 
calls attention to the variability in corrosion which must be expected 
on pipe lines. From a practical viewpoint it may be fortunate that com- 
pletely uniform sites were not available, as such sites might have 
obscured an important characteristic of underground corrosion. 

The National Bureau of Standards has conducted or super\used cor- 
rosion tests at 128 locations scattered throughout the United States. In 
some instances, however, two or three tests of different materials have 
been conducted in the same type of soil. For this reason the Bureau’s 
tests furnish information directly on only about 95 types of soils. Table 
19 shows the numbers, types, locations, and other data relating to the 
soils in the National Bureau of Standards tests. 
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Table 19. — Test sites, soil numbers, types, locations, and other inforinatmi relating 
to soils at NBS, AGA, athd API test sites. 

[G, good; F, fair; P, poor; VP, very poor] 





Mean 

Annual 

Internal 

SoiP 

Soil type 

Location 

temper- 

precipi- 





ture'^ 

tation'^ 

tost site 

NATIONAL BUREAU OF STANDARDS SITES 




0;,T 

Inches 


1 

Allis silt loam 

Cleveland, Ohio 

49.2 

33.8 

P 

9 

Bell clay 

Dallas, Tex 

0.5 . 5 

30.2 

P 

3 

Cecil clay loam 

Atlanta. Ga 

01.2 

48.3 

G 

4 

Chester loam 

Jenkintown, Pa 

54 

40 

P 

5 

Dublin clay adobe 

Oakland, Calif 

50.4 

23.4 

P 

6 

Everett gravelly sandy loam . . . 

Seattle, Wash 

51.0 

.34.0 

G 

7 

Maddox silt loam 

Cincinnati, Ohio 

5,3 , 2 

3.8 . 0 

F 

S 

Fargo clay loam 

Fargo, N. Dak 

39 

21 

P 

9 

Genesee silt loam 

Sidney, Ohio 

51.2 

39.0 

P 

10 

Gloucester sandy loam 

Middleboro, Mass 

50 

41 

F 

11 

Hagerstown loam 

Baltimore, Md 

.5.5.4 

42.0 

G 

12 

Hanford fine sandy loam 

Los Angeles, Calif 

02,4 

15.2 

F 

13 

Hanford very fine sandy loam . . 

Bakersfield, Calif 

04.0 

5.0 

F 

14 

Hempsted silt loam 

St. Paul, Minn 

44.3 

27.3 

F 

15 

Houston black clay 

San Antonio, Te.x 

08.9 

27.2 

P 

16 

Kalmia fine sandy loam 

Mobile, Ala 

07.. 3 

Ol.G 

F 

17 

Keyport loam 

Alexandria, Va 

55 

42 

P 

IS 

Kno.x silt loam 

Omaha, Nebr 

50.0 

27.8 

G 

19 

Lindley silt loam 

Des Moines, Iowa 

49.5 

32.0 

G 

20 

Mahoning silt loam 

Cleveland, Ohio 

49.2 

33.8 

P 

21 

Marshall silt loam 

Kansas City, Mo 

.54,4 

37.1 

F 

22 

Memphis silt loam 

Memphis, Tenn 

01.0 

47.7 

G 

23 

Merced silt loam 

Button willow, Calif 

05 

0 

F 

24 

Merrimac gravelly sandy loam . 

Norwood, Mass 

50 

41 

0 

25 

Aliami clay loam 

Milwaukee, Wis 

40.1 

30.1 

F 

26 

Miami silt loam 

Springfield, Ohio 

53 

37 

G 

27 

Miller clay 

Bunkie, La 

07 

50 

P 

2S 

Montezuma clay adobe 

San Diego, Calif 

01.0 

10.3 

P 

29 

Muck 

New Orleans, I^a 

09. .3 

57,4 

VP 

30 

Muscatine silt loam 

Davenport, Iowa 

49.9 

.32.1 

P 

31 

Norfolk fine sand 

Jacksonville, Fla 

09.3 

47.4 

G 

32 

Ontario loam 

Rochester. N. Y 

47.0 

32.8 

G 

33 

Peat 

Milwaukee Wi'm 

4(5 1 

31) 1 

VP 

34 

Penn silt loam 

Norristown, Pa 

54 ’ 

40 ' 

F 

35 

Ramona loam 

Los Angeles, Calif 

02.4 

15.2 

G 

36 

Ruston sandy loam 

Meridian, Mis.s. 

04 0 

53 0 

G 

37 

St. Johns fine sand 

Jacksonville, Fla 

09.3 

47.’ 4 

? 

38 

Sassafras gravelly sandy loam . . 

Camden, N. J 

54 

40 

Cr 

39 

Sassafras silt loam 

Wilmington, Del 

54 

40 

F 

40 

Sharkey clay 

New Orleans, La 

09.3 

57.4 

P 

41 

Summit silt loam 

Kansas City, Mo 

,54.4 

37.1 

F 

42 

Susquehanna clay 

Meridian, Miss 

64.0 

,5.3.0 

P 

43 

Tidal marsh 

Elizabeth, N. J 

52 

43 

VP 

44 

Wabash silt loam 

Omaha, Nebr 

50.6 

27.. S 

G 

45 

Unidentified alkali soil 

Casper, Wyo 

47.2 

15.3 

P 

46 

Unidentified sandy loam 

Denver, Colo 

50.0 

14. 1 

G 

47 

Unidentified silt loam 

Salt Lake City, Utah 

51.6 

10.1 

P 

51 

Acadia clay 

Spindletop, Tex 

09 

40 

P 

52 

Lake Charles clay loam 

League City, Tex 

09 

47 

P 

53 

Cecil clay loam 

Atlanta, Ga 

61.2 

4S.3 

G 

54 

Fairmount silt lo'inir:” 

Cincinnati, Ohio 

53.2 

38.0 

P 

55 

Hagerstown loam 

Baltimore, Md 

,55.4 

42.0 

G 

56 

Lake Charles clay 

El Vista, Tex 

09 

49 

P 

57 

Merced clay adobe 

Tranquillity, Calif 

63 

s 

P 

58 

Muck 

New Orleans, La 

09.3 

57.4 

VP 


(See footnote at end of table.) 
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Table 19 . — Test sites, soil mimiers, types, locations, and other information relating 
to soils at NBS, AG A, and API test sites —Continued. 

fG, good; F, fair; P, poor; VP, very poor] 





Mean 

Annual 

Internal 
drain- 
age of 
test site 

Soil*" 

Soil type 

Location 

temper- 

precipi- 




ture^ 

tation‘=‘ 

NATIONAL BOTEAU OF STANDARDS SITES 




OJft 

Inches 


59 

Carlisle muck 

Kalamazoo, Mich 

49 

31 

VP 

60 

Rifle peat 

Plymouth, Ohio 

49 

37 

VP 

61 

Sharkey clay 

New Orleans, La 

69.3 

57.4 

P 

62 

Susquehanna clay 

Meridian, Aliss 

64.0 

53.0 

P 

63 

Tidal marsh 

Charleston, S. C 

66.0 

45.2 

VP 

64 

Docas clay 

Cholame Flats, CaUf 

58 

16 

VP 

65 

Chino silt loam 

Wilmington, Calif 

62.4 

15.2 

F 

66 

Mohave fine gravelly loam 

Phoenix, Ariz 

69.7 

7.8 

G 

67 

Cinders 

Milwaukee, Wis 

46.1 

30.1 

VP 

6S 

Gda clay 

Phoenix, Aidz 

69.7 

7.8 

F 

69 

Hourthior. muck 

Kalamazoo, Mich 

49 

31 

P 

70 

.-V.’. 

Buttonwillow, Calif 

65 

6 

P 

71 

.Mainniiu': vi!; ■.o;::''’.' 

Austintown Jimction, Ohio , 



VP 

72 

'rrun'.hu": c]};\ 

Yale, Ohio 



VP 

76 

Ciiino siT, io;*. 

Los Angeles, Calif 

62.4 

15.2 

F 

77 

Susquehanna clay 

Meridian, Miss 

64.0 

53.0 

P 

78 

Caddo fine sandy loam 

Latex, La 

64.0 

53.0 

VP 

101 

Billings silt loam (low alkali) . . . 

Grand Junction, Colo 

52.0 

8.8 

F 

102 

Riilings silt loam 

do 

52.0 

8.8 

F 

103 

.'i!'. loa:u 

do 

52.0 

S.S 

F 

104 

Cecil clay 

Charlotte, N. C 

60.2 

46.1 

G 

105 

Cecil clay loam 

Alacon, Ga 

64.2 

44.5 

G 

106 

....do 

Salisbury, N. C 

60 

46 

G 

107 

Cecil fine sandy loam 

Raleigh, N. C 

60.1 

46.3 

G 

108 

Cecil gravelly loam 

Atlanta, Ga 

61.2 

48.3 

G 

109 

Fresno fine sandy loam 

Fresno, Calif 

63 

9 

P 


(low alkali) 

do 




110 

Fresno fine sandy loam 

63 

9 

P 


(moderate alkali) 





Ill 

Fresno fine sandy loam 

KemeU, Calif 

63 

9 

P 


(high alkali) 

Niland, Calif 




112 

Imperial clay (moderate alkali). 

71 

2 

F 

113 

Imperial clay (high alkaH) 

. . . -do 

71 

2 

F 

114 

Lake Charles clay 

El Vista, Tex 

69 

49 

P 

115 

Memphis silt loam 

Vicksburg, Miss 

65.6 

51.9 

G 

116 

Merced clay 

Los Banos, Calif 

63.4 

8.1 

F 

117 

Merced clay loam adobe 

Tranquillity, Calif 

63 

8 

P 

118 

Niland gravelly sand 

Niland, Calif. 

71 

2 

F 


(low alkali) 





119 

Norfolk sandy loam 

Macon, Ga 

64.2 

44.5 

G 

120 

Norfolk sand 

Pensacola, Fla 

67.7 

57.9 

G 

121 

. . . .do 

Tampa, Fla 

71.8 

49.4 

G 

122 

Panoche clay loam 

Mendota, Calif 

63 

6.4 

F 

123 

Susquehanna clay 

Shreveport, La 

65.8 

43.4 

P 

124 

Susquehanna silt loam 

Troup, Tex 

66.0 

42.7 

P 

1‘2.^ 

Susquehanna fine sandy loam . . 

Shreveport, La 

65.8 

43.4 

P 








AMERICAN ( 

3AS ASSOCL4.TION SITES 




1 

Cinders 

Pittsburgh, Pa 




2 

....do 

Milwaukee, Wis 

46.1 

30.1 

VP 

3 

Tidal marsh 

Brockton, Mass 



P 

4 

. . . .do 

Atlantic City, N. J 



P 

5 

Muck 

West Palm Beach, Fla 



P 

6 

do 

Miami, Fla 



P 

7 

Cecil clay loam 

Atlanta, Ga 

61.2 

48.3 

G 

8 

do 

Raleigh, N. C 

60.1 

46.3 

G 

9 

Susquehanna clay 

Shreveport, La 

65.8 

43.4 

P 

10 

Miller clay 

....do 

65.8 

43.4 

P 

11 

do 

Bryan, Tex 



P 


(See footnote at end of table.) 
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Table 19 . — Test sites, soil 'tmm'bers, types, locations, and otlirr information relating 
to soils at NBS, AGA, and API test sites —Continued. 

[G.good; F, fair: P, poor; VP, very poor] 


Soil® 

Soil type 

Location 

Mean 

teniper- 

ture*^ 

Annual 

procipi- 

tation*’ 

Internal 
drain- 
age of 
test site 


AMERICAN GAS ASSOCIATION SITES 





1 7iche.‘i 


10 , 


Los Angeles, Calif 

G2.4 

15.2 


1 0 


. . . ,do 

G2.4 

15.2 

G 

14 


Kansas City, Mo 

54.4 

37.1 

G 


AMERICAN PETROLEUM INSTITUTE SITES 


T 


Temple, Tex 




TT 


Arkansas City, Kans 




iii.d'. 

biilvc C s <■ ‘x\r 

Beaumont, Tex 

09 

49 

p 

IV 





VP 

V 






VT 


Council Hill. Okla 




vii!.';; 

O.'s’.vo^o silt loam 

lv;:;i.' 




VIII.... 


."Mitai.o I'c:) Gulley, Tex., . . 

00 

*19 

VP 

IX 

Uan'-vd loam 

I. -rvi be:.c:'.. Calif 




X.... 

M 

Mt. Auburn, ill 




XI 

TVet rlftf.ermi’ned 

Skiatook, Okla 




XII 

^>lfiy lon,m . 

Mendota, Calif 

03 

G.4 

p 

XIII 

Miller clay 

Bunkie, La 

67 

56 

VP 

XIV 

■plfp gprjstnwn silt. Ine.m 

Chambersburg, Pa 




xvi!!.. 

Docas clay 

Cholame, Calif 

58 

io 

VP 


a Different numbers for soils that appear to be idenfieal inrli^nte oifher different ^i^os in*the same 
locality or that different classes of materials w'-rcj btiri'-v! n; i>\ : i.c :i:(! .>-.1 

^ Data furnished by United States Weather Flurc.-ra. Miiuc.-- iif> U; li.e rii.';!::. of the decimal 

point are for some nearby city. 

c The soil types of soils 71 to 78 are subject to change upon better identification. 

The selection of the test sites was governed to a large extent by the 
distribution of pipe lines and pipe networks, that is by the importance 
of the soil with respect to underground construction. Each test site 
represents an important soil condition, but as within an area of a few 
square miles several quite different soils usually exist, they are not 
necessarily representative of the soil conditions prevailing in the region 
of the site. This is illustrated by figure 7, wliicli shows the soil series 
in a 6- by T^^-mile area just east of Baltimore, Md. [46] . 

It should be obvious that a test of materials in any one locality may 
not indicate the behavior of the materials in a different soil which may 
lie within a short distance from the test site. Moreover, as the soil hori- 
zons of a single soil may differ widely in physical and chemical prop- 
erties, degree of aeration, and moisture content, a test of pipe materials 
in one soil horizon may yield results different from those of a test of 
the same materials exposed to another horizon of the same soil type. 
For example, the averages of the two deepest pits on five ferrous ma- 
terials buried for 5 years in Rifle peat near Plymouth, Ohio, were 38, 
37, 21, 24, and 67 mils, respectively. The eoiTesponding values for the 
pit depths on the same materials exposed for 7 years at the same site 
.were 30, 34, 16, 17, and 62 mils, respectively. An examination of the 
^te showed that the two sets of specimens were placed in two paralleled 
irenches only a few feet apart. The depths of the trenches were approxi- 
mately the same, hut the e5-year-old specimens were laid in the peat 
|torizon, whereas the 7-year-old specimens were placed in the clay subsoil 
Just below the peat. The surface of the ground was level, but the thick- 
hiess of the peat layer varied. 



Tinder ground Corrosion 


49 



iPiGTJRE 7 . — Soil series in a 6- liy 

Cl = Chester loam, 

Co ~ Congaree silt loam. 

E = Elktbn silt loam. 

H =: Hagerstown loam. 

Is = Iredell silt loam. 

Lo = Leonardstown loam. 

Ls = Leonardstown silt loam. 

M = Manor loam. 


'i4-w?7e area near Baltimore, Md. 

Me = Montalto clay loam. 

S = Susquehanna silt loam. 
Sa = Sassafras sandy loam. 

Sg = Sassafras gravelly loam. 
SI “ Sassafras loam. 

Ss = Sassafras silt loam. 

T =: Tidal Marsh. 


For eonvenience, the descriptions of the soils at the Bureau sites have 
heeii arranged according to the arbitrarily assigned numbers of the test 
sites. Those who are interested in the classifying of the soils as to the 
great soil groups to which they belong should refer to table 1. 

Tables 20 to 23 show the more important properties of the soils to 
which specimens were exposed. Since these data were obtained, it has 
been discovered that the pH of some poorly drained and poorly aerated 
soils changed after they were exposed to air [47]. As the soils were 
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air-dried and pulverized before the analyses given in table 20 were 
made, it is probable that the pH values given for some of the soils are 
incorrect. New values will be obtained as soon as conditions permit. 
Table 20. — Chemical pi'operties^ of soils at Natio7ial Bureau of Standards test sites. 

[A, Alkaline; C, not dctennincd.] 


Soili> 

No. 

pH 

Total 
acidity, 
mg-eq 
per 100 g 
of soil 

Resis- 
tivity 
at 60° F 

1 

7.0 

11.4 

Ohm-cm 

1,215 

2 

7.3 

3.5 

684 

3 

5.2 

11.5 

30,000 

4 

5.6 

7.6 

6,670 

5 

7.0 

6.5 

1,346 

6 

5.9 

12.8 

45,100 

7 

4.4 

29.8 

2,120 

8 

7.6 

A 

350 

9 

G.S 

7.2 

2,820 

10 

O.G 

3.6 

7,460 

11 

5.3 

10.8 

11,000 

12 

7.1 

2.5 

3,190 

13 

9.5 

A 

290 

14 

6.2 

5.6 

3,520 

15 

7.5 

5.0 

489 

16 

4.4 

11.8 

8,290 

17 

4.5 

19.1 

5,980 

18 

7.3 

1.4 

1,410 

19 

4.0 

10.9 

1,970 

20 

7.5 

1.5 

2,870 

21 

6.2 

9.5 

2,370 

22 

4.9 

9.7 

5,150 

23 

9.4 

A 

278 

24 

4.5 

12.6 

11,400 

25 

7.2 

4.7 

1,780 

26 

7.3 

2.6 

2,980 

27 

6. 6 

3.7 

570 

28 

6.8 

C 

408 

29 

4.2 

28,1 

1,270 

30 

7.0 

2.6 

■ 1,300 

31 

4.7 

1.8 

20,500 

32 

7.3 

0.5 

5,700 

33 

6.8 

36.0 

800 

34 

6.7 

7.0 

4,900 

35 

7.3 

5.7 

2,060 

36 

4.5 

4.0 

11,200 

37 

3.8 

15.3 

11,200 

38 

4.5 

1.7 

38,600 

39 

5.0 

6.6 

7,440 

40 

0.0 

9.4 

970 

41 

5.5 

11.0 

1,320 

42 

4.7 

28.2 

13,700 

43 

3.1 

36. S 

GO 

44 

5,8 

8.8 

1,000 

45 

7.4 

A 

263 

46 

7.0 

C 

1,500 

47 

7.6 

3.0 

1,770 

51 

0.2 

13.2 

190 

52 

8.8 

A 

234 

53 

4.6 

9.6 

17,794 

54 

7.0 

3.5 

886 

55 

5.8 

10.9 

5,213 

56 

7.1 

4.5 

406 

57 

7.7 

A 

128 

68 

4.0 

79.3 

712 

59 

5.5 

33.3 

1,659 

60 

2.6 

297.4 

218 

61 

5.9 

8.6 

943 

62 

4.1 

24.2 

6,922 

63 

2.9 

100.2 

84 

64 

8.3 

A 

02 

65 

7.2 

A 

148 

66 

8.7 

A 

232 

67 

8.0 

A 

455 

68 









Composition of water extract, mg-eq per 100 g of soil 


Na+K 
as !Na 


Ca 


Mg 


CO 3 


HCO 3 


Cl 


SO4 


0.72 

.28 


.93 


0.39 

6.23 


2.18 


0.27 

.38 


8.38 


0.23 

.27 

.53 

1.50 

2.15 

0.32 


.23 

1.52 


0.08 


0.5G 

.30 


45.10 

1.05 

8.15 


0.67 

10.27 

4.20 


0.59 


3.12 

23.40 

2.03 

1.03 
2.91 
0.73 


33.60 

28.10 

7.65 

6.55 

0.77 


0.25 

1.09 


0.43 

.13 


0.00 

.00 


0.48 


.10 


1.72 


0.50 

.09 


0.16 

.13 


.88 


.20 


.63 

.32 

.48 


.20 

.41 

.20 


.38 


.70 

.50 

1.86 

0.06 

1.92 

0.65 


.41 

,31 
1.12 
0.18 
1 . 55 
0.40 


.70 

7.30 


.12 

4.06 


0.68 


0.49 


0.58 

.54 


0.44 

.36 


5.17 

1.08 

3.70 


9.45 

0.66 

.70 


0.72 

15.55 

.33 


.39 

5.03 

.18 


10.10 


0.59 


0.69 

13.50 

2.23 

3.08 

10.95 

0.68 


.47 

4.51 

1.29 

2.70 

2.SG 

0.33 


6.85 

2.29 

12.40 

0.51 

3.03 


4.00 

0.76 
2.20 
0.18 
■ .53 


0.09 

I.IS 


0.09 

.04 


00 


0 . 69 


00 


.71 


.01 


.40 

1.12 


.00 

1,64 


2.00 


0.13 


.94 

.16 

.51 


.00 

.03 

.00 


1.87 

‘i.oi 

0.70 

2.00 

0.12 

.00 

.71 


1.12 


0. 03 

.03 

.08 

.99 

1 . (i9 
0.09 


.73 

C 


.01 

2.27 


00 


1 . 10 


0.06 


0.93 

.78 


.07 

.04 


.00 

1.97 

0.24 


43.30 

0.82 

.18 


.88 
. 56 
1 . 36 


.06 
5.75 
1 . 33 


00 


.70 


o.os 


.80 
. 34 
.00 

.00 

.00 

.71 


1 . 59 
1.15 
0.47 

3.47 

0.00 

.10 


.00 

.89 

1.30 

0.73 


12.70 

28.80 

0.05 

2.77 

0.08 


0.83 

.18 


.25 


4.43 


0.14 

3.76 


0.73 


.25 

.46 

.15 


5.57 

‘o'.io’ 

.12 

1.54 

0.89 

2.30 

0.24 


.42 

2.13 


0.35 


.28 

.46 


37.00 

0.41 

11.98 


0.48 

22,00 

1.26 


9.05 


3.04 
37.50 

2.54 

1.04 
56.70 

0.91 


36.00 

0.26 

16.90 

2.97 

2.89 


(See footnote at end of table.) 



Under gro und Corrosion 


51 


Table 20. — Chemical properties^ of soils at National Bureau of Standards test 

sites — Continued. 

[A, Alkaline; C, not determined.] 


Soilb 

No. 

pH 

Total 
acidity, 
mg-eq 
per lOOg 
of soil 

Resis- 
tivity 
at 60® F 

Composition of water extract, mg-eq per 100 g of soil 

Na+K 
as Na 

Ca 

Mg 

6 

o 

HCOa 

Cl 

SO 4 




Ohm-cm 








69 

5.5 

33.3 

1,659 

1.03 

3.08 

2.70 

.00 

.00 

3.47 

1.04 

70 

9.4 

A 

278 

8.38 

0.38 

0.22 

.02 

1.87 

1.12 

5.57 

71 











72 

7.2 


762 








73 











74 











75 











76 











77 











78 











101 

7.3 

A 

261 

5.21 

19.24 

1.43 

.00 

0.66 

1.56 

22.48 

102 

7.3 

A 

103 

22.63 

16.56 

3.85 

.00 

. 56 

4.67 

1 36.82 

103 

7.3 

A 

81 

22.01 

13.32 

2.00 

.00 

.18 

11.09 

25.70 

104 

4.6 

11. 0 

8,500 








105 

4 8 

12 9 

28,000 




. . 




106 

4.8 

12.8 

25,000 




j 




107 . . 

4.8 

11.8 

54,400 








108 

4 9 

11 2 

44,400 








109 

8.4 

A 

497 

2.62 

6.07 

0.10 

.31 

.59 

1.56 

0.48 

110 

10.2 

A 

531 

3.53 

! .07 

.12 

1.49 

' 1.07 

0.79 

.25 

Ill 

7.3 i 

A 

51 

41.55 

16.21 

.44 

0.00 

0.58 

34.58 

23.41 

112 

7.4 

A 

149 

22.18 

14.09 

1.29 

.00 

.36 

10.94 

25.98 

113 

7.4 

A 

i 102 

9.56 

0.84 

.51 

.00 

.63 

6.26 

4.06 

114 

7.1 

C 

320 

2.65 

0.68 

0.26 

.00 

.77 

1.84 

0.93 

115 

6.9 

4.7 

3,450 








116 

9.2 

A 

320 

9.30 

.33 

.18 

4.60 

2.10 

1.17 

1.57 

117 

8.5 

A 

106 

36-19 

14.66 

.83 

0.00 

1 . 55 

2. 89 

46.53 

IIS 

7.3 

A 

273 

4.30 

1.03 

.64 

.00 

0.20 

5.01 

0.86 

1 19 

4.7 

9.7 

10,800 








120 

5.7 

1.3 

34,400 








121 

4 8 

1 2 

16,400 








122 

7.4 

A 

552 

2.32 

0.05 

.26 

.00 

.70 

0.07 

1.40 

123 

4.1 

21.9 

6,840 








124^ 

4.4 

28 1 

1,160 








12.5 

3.9 

28. 3 

5,770 
















» Measurements and determinations by I. A. Dension and R. B. Hobbs. 
^ See table 19 for names and locations of soils. 
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ABLic 21. — I'hysioal JPropcriica^ of fioilti at National Bureau, of Standards test sites. 
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TabIjW 23 . — Pro'pertics of the soils in ihv Amrrimn Gas Association and 
Petroleum Institute coating tests. 


Boil 

No. 


Soil type 


Mois- 
ture 
e(|ui va- 
lent 


Volume 

slirink- 


Air- 

pore 

•siniee 


Ap- 
l^iirent. 
.sp(‘ei fu! 
gravity 


1>H 

(aver- 

HMT') 


Total 

ucadily 

(iiiK-eq 


of HOil ) 


Resis- 
tivity, 
at G0° F 


AMERICAN GAS ASSOCIATION TKi^T SI'l'ES 




% 

% 

% 




Olm-cm 

1 . . . . 


IS. 2 




5 5 





9 . 5 




7.2 


380 

s 


50 . 3 




3 (5 

•12 5 

4 . . . 


93 . 7 




3 , 0 

3S 0 

32 

5 


74^2 

15 0 



•1 3 

75, S 

».) O 


(5 . 


29.1 





5.7 

1 (J'jO 

7. . . . 

Goriil f4n,Y 

35 . 0 

40.4 



5 . S 

1 3 . 3 

43 SOO 

S . . . . 

.... do 

37 . 0 

3S . S 



(5.9 

0 . 3 

loiooo 


Suaciuohanna (4n.y 

35. S 




4.0 

15.7 

0,840 

10 ... . 

IVTillor (ilji.y 

32 . 0 

37 ! 2 



7.4 

1.1 

870 

n . . . . 

.... do 

47. S 

-19.9 




7.2 

0 

1,000 

12 . . 

Whit.r^ jdkjiU soil 

35 . (> 

45.0 



7.3 


93 

lii ! . . ! 


1(5. 0 

14.0 



9.2 


1,700 

14. . . . 

Mur.sliall .silt loam 

31.0 

41.0 



(i.5 

12. S 

ail 50 


AMERIC'AN PETROLECM INSTITUTE TEST Sri'ES 


I. 

Boll clay 

31.0 

28.0 

5.1 

2.00 

8 , 4 

947 

II. 

Oswepio Hilfc loam 

20.7 

5.1 

19.2 

1 7() 

7,0 

1,295 

III. 

Lake CharloH clay 

40.7 

35.8 

2.() 

2.00 

(}.S 

495 

IV. 

T.jtko Ghjirlfw ('l.-n/loum. . 

21.1 

0.7 

5.1 

1 , 93 

7,2 

1,485 

V. 

i > 1 !: l-u!::: 

21.5 

0.4 

0.9 

1 .87 

0 . 3 

2,201 

VI. 

TTiidtMitiOf'd 

25.4 

11 .0 

5 5 

1 .78 


5,180 

vn. 

( >.sw»-Ko sill, loam 

20 . () 

7.0 

13.8 

2.04 

5 . 4 

3,510 

vm. 

A(iadia clay 

47.0 

42.7 

2.9 

2.04 

5,4 

259 

IX. 

X. 

Hanford fine sandy loam . 
Muacatino silt loam 

9.S 

0 

29.9 

1 .-17 

8.9 
(} . -1- 

353 

XI. 

tlnidcntifiGd 

15.7 

0 

10. (» 

1 .05 

5 2 

440 

XII. 

Merced clay loam 

30.8 

31.2 

7.2 i 

1.8.1 

si 9 

61 

xni. 

Miller clay 

38.0 

30.2 

2.5 1 

2.01 

7.9 

(174 

XIV. 

Haffcrstowri silt loam , . . 

21.3 

1 .4 

8.3 1 

1 .41} 

().4 

5,088 

XVI. 

Docas clay 

30.8 

29.1 

3.8 I 

i 

1 .88 

8.4 

155 


4. FACTORS AFFECTING RESULTS OF CORROSION TESTS 

Among the factors that affect the resnlts of coi’rosion tests are depth 
)f burial, mill and foundry scale, diameter of tlio pipe, area of pipe sur- 
:aee, and duration of exposure. In order to gain an idea of the nature 
ind relative magnitudes of the influence of these factors, several sup- 
ffementary tests were canned out, 

(a) DEPTH OP BURIAL 

In general, aeration in soils will decrease as the distance below the 
lurface increases and, therefore, the corrosivity of tlie soil should be 
ixpected to increase with depth. In fact, pipe-line opfu'ators have often 
reported more severe corrosion where their lines are deeper than usual, 
[n order to investigate the effect of depth of burial, samples of 3-inch 
jfeel pipe were buried at different depths in seven soils having different 
general characteristics. The results of this series of tests are given in 
alible 24. In five of the seven soils, the amount of corrosion was greater 
rt the greater depths. In two of the soils, however, the reverse was true, 
rhis is probably due to the counteracting effect of the subsoils. For 
nstanee, in the case of St. John's sand (soil 37), in which corrosion was 
greater near the surface there is an impeiwious hardpan layer about 6 
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inches thick at about 18 inches below the surface of the ground. If pipes 
are laid in or above this layer, they may be surrounded by water much 
of the time because the water can not get through the layer. If pipes are 
laid deeper, they will be placed in sand, which will let the water pass 
more readily. In the arid regions of the West, the concentration of the 
alkali may be either near the surface or at a considerable depth, depend- 
ing on the prevailing direction of the movement of moisture in the soil. 
Thus it can be seen that, although corrosion in general increases with 
depth of burial, other influences, such as drainage and the characteristics 
of soil horizons, may be sufficient to mask completely the effect of depth. 


Table 24. — Effect of depth of hiiriaJ on corrosion of 3 -inch steel pipe. 

[Average of four specimens] 


Soil 

number Type of soil 


Depth of Loss of Maximum 

burial weight penetration 


EXPOSURE OF 11.70 YEARS 


37 

St. John’s fine sand 

in. 

12 

1 

oz /jV 

10'. 13 

9.05 

5 27 

Mils 

67 

64 

50 

44 

37 

... .do 

24 

37 

.... do 

36 

37 

.... do 

4S 

4.71 




EXPOSURE OF 9.27 

YEARS 



1 

103 

Billings silt loam (high alkali) 

14 

22 

16.33 

US 

103 

... .do 

17.99 

136 

103 

.... do 

28 

17.66 

143 

103 

.... do 

48 

20.76 

172 




EXPOSURE 11.71 YEARS 


104 


IS 

5.61 

104 

... .do 

30 

S. IS 

104 

.... do 

36 

9.07 

104. 

.... do 

52 

1 

7.92 



EXPOSURE 11.70 YEARS 


107 


12 

3.89 

53 

107 

do r 

24 

4.40 

64 

107 

do 

36 

4.85 

89 




EXPOSURE 9.24 YEARS 


110 . .. . 


19 

13.96 

113 

110 

.... do 

26 

18.18 

124 

110 

.... do 

! 42 

18.63 

159 




EXPOSURE 5.93 YEARS 


113 


12 

17.90 

166 

113 i 


oo 

20 . 05 

211 

113 . .. 

.... do 

28 

21.66 

212 

ns 

... fin 

40 

21.69 

19S 



EXPOSURE 9.27 YEARS 


117 


I 12 

1 

20 . 2S i 

127 

117 , 

.... do 

24 i 

19.09 

122 

117 

:..,do: 

36 

19.70 

S7 

117 

do 1 

48 ! 

12.03 

S3 
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(b) MILL AND FOUNDRY SCALE 

The oxide which forms on tlie surface of a pipe as the result of rolling 
or casting is at a more noble potential than that of the luioxidized metal 
and the oxide probably corrodes more slowly. Indeed, the corrosion- 
resisting properties of stainless steel are attributed to a very thin oxide 
film which reforms whenever it is removed. A continuous oxide film 
should retard or prevent corrosion. However, if unoxidized metal is 
exposed adjacent to the oxide, a difference of potential is created which 
tends to accelerate the corrosion of the iinoxidized metal. Unfortunately, 
the oxide scale on a pipe is seldom continuous. In ]92(), specimens of 
several materials in their original condition and similar materials with 
the mill scale removed were buried in seven soils. Table 25 shows the 
rates of corrosion of these specimens after approximately 8 years of 
exposure [45]. To facilitate the comparison of the materials with and 
without mill scale, the ratio of the number of cases in which the scale- 
free material was superior to the scale-coated specimens is given at the 
bottom of each part of the table. It is evident from the table that the 
majority of the specimens from which the sende had been removed cor- 
roded somewhat less than those having a coating of mill scale, that is, 
mill and foundry scale did not afford any ])r()te(*tion to the specimens. 
However, the improvement is too slight to w^arrant the removal of mill 
scale. 


TxiiLK 2n . — Effect of mill and foundry scale on corrosion. 
[Period of exposure was appro?;injai(^ly S y(iarH] 



Pit cast iron 

(leLavaud 
cast iron 


Wrought iron 

Soil 

Soil (,yiK5 

Nor- 

mal, 

Ma- 

cliiiK^l 

MO 

Nor- 

mal, 

(J 

Mu- 

cliincid, 

Ml) 

Nor- 
mal, j 

( Jrouml 
and pol- 
ished, 
M. 

Nor- 

mal, 

K > 

Roufili 

Around, 

D 


RATE OP IX)SS OP WEICniT (<>« /f /yr 


13 

Hanford very fine sandy 










loam 

1.12 

1.29 

0.05 

1.10 

1.70 

1. 51 

1.12 

1.01 

24 

Merrimac gravelly sandy 











0.11 

0.13 

. 17 

0 . 1 0 



0.22 

0.18 

28 


3 . 94 


1.14 






29 

Muck 

2.31 

0.09 

5 . 28 

1 .27 

i .21 

I .00 

1.18 

1.22 

42 

Susciuchauna clay 

0.70 

0.43 

0 . 59 

0.-17 

0.89 

0.94 

0.88 

0.80 

43 

Tidal marsh 

1 .08 

1.00 

3.08 

1.20 

.80 

1.14 

.07 

.67 

45 

Uniden l,i tied alkali 

3 . 50 


3.55 

2.59 

2.04 

2.20 

2.51 

2.17 




3:5 


5:0 


3:5 


4:6 






i 






RATE OP 

PENETRATION (mils/yr) 




13 


17.8 

12.8 

7.8 

9.1 

19.3 

15.3 

11.0 

11.1 

24 


3.(> 

3.2 

3 . 8 

2.4 



4.7 

3.8 

28 


! 20.4 


0.8 






29 


11.4 

5.0 

10.7 

8.9 

10.5 

9.8 

0.3 

7.3 

42 


17.9 

15.9 

7.0 

8.9 

8.8 

10.0 

10.3 

9.4 

43 


14.1 

5.2 

27.5 

11.5 

10.8 

8.1 

15.3 

9.7 

45 


22.3 


14.3 

15.7 

10.0 

13.0 

12.9 

18,2 


Ratio® 


5:5 


3:0 


4:5 


4:6 












» Ratio of cases of superiority to total number of cases of comparison. 


(c) DIAMETER OF PIPE 

When tests of small sections of pipes are planned, the question of the 
effect of the diameter of the pipe may arise. If the diameter of the pipe 
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is so large that the pipe lies in two soil horizons, or if only part of it 
is under water, or if there is a considerable difference in the distances 
from the surface of the ground to the top and bottom of the pipe, dif- 
ferential aeration circuits will be set up which will affect the distribu- 
tion of the corrosion on the surfaces of the pipe and possibly the amount 
of corrosion also. It is not often, however, that such large diameter pipes 
are used in corrosion tests. 

Table 26 shows the eff'ect of diameter on the depths of the maximum 
pits on two different materials as calculated in three different ways. 
Prom each soil there were removed one specimen of 6-ineh cast-iron pipe, 
two specimens of 3-inch east iron, and two specimens of 3-ineh steel 
pipe, all 6 inches long. There were also removed from each soil two 
specimens of cast iron 12 inches long with external diameters of approxi- 
mately 1.9 inches, and two lO-inch lengths of 2-ineh open-hearth steel. 
By treating the two specimens of each material, except the 6-ineh east 
iron, as a single specimen having twice the area of one, it is possible to 
compare the pit depths on specimens of different materials and diameters 
having approximately the same areas. Columns 1 to 5 of table 26 permit 
such a comparison. 


Table 26 . — Average of maximum pit depth on pipes of different diameters for four 

periods of exposure. 


Soil 

num- 

ber 

Single maximum pit 

Average of two deepest pits 

Weighted*^ maxi- 
mum pit depths 
of cast iron 

Cast iron 

Steel 

Cast iron 

Steel 

6 in. 

3 in. 

IK in. 

3 in. 

2 in. 

6 in. 

3 in. 

IK in. 

3 in. 

2 in. 

6 in. 

3 in. 

IK in. 


1 

2 

3 

4 

5 

6 

7 

S 

9 

10 

11 

12 

13 


Mils 

Mils 

Mils 

Mils 

Mils 

Mils 

Mils 

Mils 

Mils 

Mils 

Mils 

Mils 

Mils 

aol 

169 

151 

b2l2 + 

60 

136 + 

155 

128 

206 + 

52 

124 + 

145 

101 

201 + 

53 

68 

72 

61 

^ 58 

53 

63 

58 

55 

55 

50 

54 

49 

52 

55 

37 

48 

93 

69 

60 

33 

42 

87 

64 

55 

31 

38 

82 

56 

139 

147 

166 + 

156 + 

106 + 

125 

133 1 

166 + 

150 + 

95 + 

111 

123 

160 + 

5S 

129 

125 

195 + 

70 

[ 97 

124 

113 

194 + 

69 

75 

114 

105 

134 + 

*^59 

50 

43 

58 

39 

39 

47 

37 

35 i 

35 

25 

43 

36 

91 + 

60 

yi05s 

111 

102 + 

114 + 

36 

1005 

100 

81 + 

88 + 

27 

S9s 

96 

63 + 

61 

' 60 

67 

74 

56 

76 

54 

58 

68 

50 

63 

49 

54 

58 

62 

82 

79 

103 

70 

85 

77 

71 

92 

58 

74 

75 

65 

75 

63 

43 

42 

81 

134 + 

51 

38 

38 

69 

98 + 

44 

32 

34 

66 

64 

225 

195 

163 + 

178 + 

150 + 

216 

187 

155 + 

160 

148 + 

197 

195 

137 + 

65 

140 

162 

123 

120 + 

83 

132 

143 

101 

102 + 

79 

121 

129 

96 

66 

168 

167 

146 + 

171 

133 + 

157 

164 

119 + 

1 154 

132 + 

143 

150 

103 

67 

1415 

164 

231 + 

139s 

154 + 

122s 

142 

217 + 

112 

147 + 

110s 

118 

200 + 

Aver- 

111 

- 112 

129 

102 

90 

103 

101 

118 

89 

81 

94 

9^2 

108 

age 















» Average for 3 periods of exposure only. 

^ A plus (4-) sign indicates that 1 or both removals were punctured during 1 or more periods. 
<= s indicates that uniform corrosion occurred on 1 or more specimens. 


In 7 of the 14 soils shown in table 26, the 6-ineh cast-iron specimens 
developed shallower maximum pits than were observed on equal areas 
of 3-ineh or li/4-ineh east specimens, and the average of the maximum 
pits on the 6-ineh specimens is less than the averages for either of the 
other two sizes of cast-iron pipes. The 3-inch cast specimens developed 
shallower maximum pits than were found on the 1%-ineh east specimens 
ill 6 of the 14 soils, and the average of the maximum pits in the 14 soils 
is slightly greater for the li/4-ineh east iron. The 3-ineh steel specimens 
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developed shallower maximum pits than were observed on tlie 2dnch 
steel specimens in 5 of the 13 soils for which c()nij)a,ris()ns are possible. 
A comparison of specimens of different diameters on tlie basis of the 
averages of the two deepest pits yield similar results (columns 6 to 10). 

In earlier reports, the pit depths were weighted to take account of 
the difference in the areas of the specimens. The depths of the four 
deepest pits were averaged to obtain tlie recorded maximum pit depths 
on the 6-ineh cast-iron specimens, whereas the depths of tlie two deepest 
pits on each of two 3-inch specimens were averaged to obtain the re- 
corded maximum pit deptJi on the 3-inch specimens. Tlie 1937 data [48] 
were treated in this way to obtain the values in (columns 11, 12, and 13 
of table 26. In six soils the 6-incli specimens showed deeper weighted 
maximum pit depths than the 3-inch cast-iron speeimens, wliereas in 
six other soils the weighted maximum pit depths on, the 6-inch speeimens 
Avere shallower. The averages of the weighted maximum pit depths for 
the 3 sizes of cast pipe in 13 soils differ by only 5 mils. It appears, 
therefore, that for smalhdiameter pipe, when the a,rea,s of the si)ecimens 
are the same, the diameter lias practically Jio effect on pit depth. 

(d) AREA OF PIPE SURFACE 

Early in the course of the soil-corrosion investigation it was observed 
that there Avas a tendency for the s])ecime.ns 3 imdi(‘S in, diameter to 
contain deeper pits than specimens of simihir uuiterials 1V1> inches in 
diameter. This is illustrated in table 27, Avhich pemnits a- comparison 
of the maximum pit depths on areas of 66 and 126 s<iiuu*e inches of pipe 
surfaces for tAvo metals exposed for approximately 1.2 yea.rs in 38 soils. 
As the specimens differed in diameter, as avcII. as in, area,, it is possible 
that the difference in pit depths is affechHl by diffei’en(^(‘s in, curvature 
of the specimens. However, according to Shepard |4f) | the greater curva- 
ture of the smaller specimens should tend to concentiaite the corrosion 
and consequently intensify the pitting on the smaller area. 

The aj)i)arei.it effect of area seems to be different for different soils 
and to be slightly different for the two materials. I)a.ta, a-s well as theo- 
retical considerations, indicate that the pit-(l(‘i)ih-a,r(‘a relation is influ- 
enced by soil characteristics, although, just Avhat the characfferistics are 
has not been determined. Sufficient dai.a are not avaihible to determine 
Avhether or not the relation is tlie same for all ferrous materials, but data 
on pitting factors suggest that the corrosion of Avroiight iron is some- 
Avhat more miiform and that of pit-cast iron somewliat .less uniform than 
that of steel. The difference, however, if any exists, is not great. 

The observed values of maximum pit dejiths obtained from measure- 
ments made on a 12-iiich oil line in Miller clay [35] are shown in table 
28 as a function of the area inspected. In this table are tabulated the 
depths of the deepest pits on each of a number of 20-foot lengths of 
pipe and also the averages for the depths of the deepest pits on each foot 
of the corresponding lengths. The data for individual lengths are given 
in order to show how much pit depths may Auiry in a single type of soil, 
it will be noted that the deepest pit on 48 lengths of pipe, 950 feet, was 
306 mils; the average for depths of the deepest pit on each length of 
( pipe, 20 feet, 208 mils, and the average of the deepest pits on each foot 
of pipe, 126 mils. 
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Table 27. — Effect of area inspected on the odserved maximum pit depths on National 
Bureau of Standards specimens. 


[Pit depths in mils.] 



Table 28. — Relation hetween area inspected and the ohserved depth of the deepest pit. 


Pipe section 
number 

jMa.ximum 
pit depth 
on each 
length^ 

Average 
pit depth j 
for 1-ft. 
lengths 

1 

Pipe section 
number 

Maximum 
pit depth 
on each 
length^ 

Average 
pit depth 
for 1-ft 
lengths 

1 . 

Mils 

176 

il/27s 

90. S 

25 

Mils 

287 

Mils 

ISO.O 

2 

126 1 


20 

185 

101.2 

S 

183 

125.0 

97 

199 

65.7 

4 

205 

126.2 

28 

290 

154.7 


208 

136.7 

29 

258 

126.3 

6 ■ 

202 

116.7 

30 

160 

94.5 


227 

122.0 

31 

125 

67.9 

s i 

174 

138.3 

32 

i 258 

144.4 

9 

207 

144.3 

33 

233 

138.5 

in 

217 

105.3 

34 

190 

115.9 

11 

137 

79.6 

35 

ISS 

115.8 

12 

257 

159 . 3 

36 

207 

127.4 

13 

^306 

169.7 

37 

253 

154.6 

14 

202 

149.9 

3S 

253 

130.6 

In * 

216 

158 . 6 

39 

154 

94.9 

16 

187 

139 . 8 

40 

1 251 

97.6 

17 

179 

91.3 

41 

274 

133.7 

IS 

195 

127.9 

42 

185 

121.1 

19 

200 

140.3 

43 

192 

138.0 

20 

195 

143.2 

44 

164 

95.5 

21 ' 

206 

127.7 

45 

195 

123.4 

oo 

245 

147.9 

46 

195 

141.0 

23 * 

247 

152 . 4 

47 

237 

142.8 

24 

240 

! 

161.1 

48 

212 

138.2 


Average 

208 

126 


a Approximately 20 ft of 12-in. pipe, area 67 ft-. 


b Deepest pit on 950 ft of pipe. 


The relation between the average of the depths of the deepest pits on 
unit areas and the size of that unit is illustrated in figure 8. The data 
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for this fig:ure are measurements of* the deepest pit on eacli 2()-foot length 
of 15 miles of a 10-ineli pipe line traversing’ a sandy-Joam soil. From 
these data it was possible to determine tiie maximum pit depth on areas 
corresponding to any number of lengths ofc* pipe \\y> to the length of the 
line. 



Lengths of pipe per inspection (one length ~ 56 sq ft) 

Figure 8 . — lielation. of maximum depth of pits to area inspected. 

11 =numb<u- of ijiHiwctions. The short vorlical liii(‘s, <1 (r,«, in<li(uit<!s <,lie prohahh^ rai4»:o of variations 

ill t la* (laia. 


Tlie lengths of the vertical lines crossing the curve represent four 
times the standard error of the average ol: the maximum pit depths. The 
numbers on the line show the numl)er of observations upon which the 
average was based. If the pit-depth-area relation W(U‘e <letermined for 
a line traversing more than one soil, the data wotdd obviously be affected 
by the variety of soils traversed. 

Scott [50 J, after an extensive examination of the Bureau^s soil-cor- 
rosion data and of the measurements of pits on areas up to 10, 000 square 
feet on oil and gas lines, found that the relation between the maximum 
pit depth and the area from which it was selected could be represented 
approxinuately by the equation P — l)xi^\ in wliich P is the maximum 
pit depth associated with an area. A, and a and 1) are constants which 
differ for different conditions. 

From an unpublished study of data from eight National Bnreau of 
Standards test sites and from seven sets of pipe-line data, Ewing found 
that on the average, the equation P = Pi (C log A + 1), in which P is 
the maximum pit depth associated with an area A, 7^ the maximum pit 
depth on a unit area, and (7 is a constant varying with conditions, fitted 
the data better than did ScotFs equation. 

The fact that buried metal does not corrode uniformly can be ac- 
counted for by assuming that conditions over the surface of the metal 
are not uniform. This condition may be the result of lack of uniformity 
in the metal, differences in the soil in contact with the metal at different 
points, or differences in aeration resulting from the way the soil was 
placed over the surface of the metal. An explanation of the pit-depth- 
farea phenomenon applicable only to small isolated specimens differing 
in area, is as follows: If a difference of potential exists between two 
areas on the surface of a specimen, the current which flows between 
these areas when the circuit is completed through an electrolyte is influ- 
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eneed by the area of the cathode because of its effect on the resistance 
of the circuit and because of its effect on polarization. The longer the 
specimen, the larger will be the possible area of the cathode. However, 
there are few data that show de^itely what is the area of the cathode 
associated vdth a single pit. 

If the explanations that have been given fully account for the pit- 
depth-area relation, it might be expected that when the maximum pit 
depths on a number of specimens having large areas are. averaged, some 
area would be found such that larger areas would not contain deeper pits. 

Figure 8 suggests that such may not be the case, as the maximum pit 
appears to increase hi depth with increase in the area chosen for the 
unit of inspection up to 15 miles of pipe or up to an area of approxi- 
mately 72,000 square feet. 

It seems possible that the apparent relation between pit depth and area 
arises, in part at least, from the use of the maximum pit depth as the 
criterion for corrosivity. The probability that a deeper pit will develop 
on a large area than on a small area must be a function of the relative 
sizes of the areas and must always be greater than 50 percent. It seems 
likely, therefore, that the pit-depth-area relation may be, in part at 
least, a probability relation, but that it is modified to some extent by 
certain factors related to soil characteristics. However the relationship 
may be regarded, it must be taken into account if soil-corrosion data 
are to be correctly interpreted. 

(e) DURATION OF EXPOSURE 

The depth of the deepest pit usually is not proportional to the period 
of exposure of the metal to the soil. This is illustrated by figure 9. A 
number of empirical equations have been offered to express the relation 
of pit depth to the duration of the exposure. Fetherstonhaugh [51] 
suggested the equation D = A^\/T, in which D is the depth of the pit 
at any time, T, and A is the pit depth for unit time of exposure. Put- 



Figure 9 . — delation of maximum depth of pits to duration of exposure* 
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nam [52] proposed the equation P — wliieli differs from Fetlier- 

stonhaugh’s equation only in the value of the exponent of 1\ These 
equations indicate that the change in pit depths with time follows a 
similar course in all soils. 

Brennan [53], from a study of pipe-line data, decided that the rela- 
tion of pit depth to time could be represented by the equation y — 
^ BZ) log {x/h +1), where y is the depth of the pit at a time 
X, Z is the Gorfield soil-corrosivity index [54], and A, P, and h are 
constants to be derived from a study of test data. 

Scott [55], after analyzing the National Bureau of Standards data, 
concluded that the relation of pit depth to time could be represented 
approximately by the equation P ~ UT / (P + P), in which P is the 
pit depth at time T, and V and P are constants which characterize 
the soil. 

Ewing [35] found that the occurrence of leaks on pipe lines was con- 
sistent with the equation Pz=zkT'\ in which P is the depth of the deepest 
pit (on equivalent areas) at time P, and k and n are constants depend- 
ing on the characteristics of the soil. Denison [5G] found that tliis equa- 
tion is also applicable to the Bureau’s data. This can be sliown by plottino- 
the logarithm of the average maximum pit de])th. on efiuivalent areas 
against the logarithm of the time of exposure. Within tlie error of the 
observations, the relationship is linear. This eciuation inis the advantage 
over those of F ether stonhaugh and Putnam that it need not be assumed 
that all pit depth-time curves have the same general shape. 

In view of the general applicability of the Ewing ecpiatioju, values of 
the constants k and oi have been determined for the soils at all the 
National Bureau of Standards test sites for which sufficient data have 
been accumulated to give reliable values. The value of k a])])ears to be 
a function of the fundamental coimosivity of the soil, and the value of 
01 seems to be related to the degree of aeration. The degree of aeration 
of a soil largely determines the elfeetiveness of tlie corrosion products 
in protecting the metal against continued corrosion. Ihised on this rela- 
tionship, values of n to be used in the absence of data from which they 
can be determined directly have been assigned [5()j to classes of soil 
according to their aeration, as follows: Good, 0.188; fair, 0.345; poor, 
0.473 ; very poor, 0.682. The use of three significant figures is usually 
not warranted by the precision with which the values can be determined 
for a given soil or class of soils. As a rule, probably not Tnore than one 
significant figure should be used. 

V. RESULTS OF FIELD TESTS ON FERROUS MATERIALS 

1. CAST IRON 

(a) AFTER 17 YEARS OF EXPOSURE 

Table 29 shows the loss of weight, maximum peuetratiou, and the 
weighted average maximum pit depth of specimens of 6-iiieh cast-iron 
pipe exposed for approximately 17 years to 19 of the less corrosive soils of 
the original National Bureau of Standards test sites. Care should be used 
ill comparing the materials, as about a third of the deLavaud specimens 
were buried 2 years later than the pit-east specimens. As has been 
stated, the depth of the deepest pit is a function of the area from which 
it is chosen. It has been observed that for small areas consistent results 
are obtained by averaging a number of pits proportional to the area 
exposed. Part of the data have been weighted in this table by averaging 
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Table 30 . — Loss of weight, maximum, weighted maximum and estimated average maximum penetration of 12-year-old cast-iron pipe. 

[Data on 1 specimen for L and Z, and on two specimens for C] 
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Estimated average maximum pit depth 

Southern pit cast, Z 

g 

b 

Mils 

15.2 

3.8 

2.7 

4.9 

5.9 

22.1 

10.2 

22.1 

6.6 

2.4 

8.9 

1.7 

43 . 5 
10.9 

0.5 

32.3 

1.6 

0.0 

8.6 

34.0 


IH 

Mils 

293.7 

92.2 

176.5 

1 109.8 
111.4 

80.7 

43.3 

117.1 

82.1 

J 89.0 

69.2 

} 117.1 

185.4 

71.4 

1 147.2 
295.3 

120.7 

57.0 

178.2 

448.7 


*0 

O— ( O — Ir-KM 

■H 1 -H ii 

CO O 

-H 

<M OrH-^O CNrHOIM'-HrHO OICOOO 

•H 1 -H il 1 -fl MM 

- 

Northern pit cast, L 

b 

Mils 

54.4 

27.3 

34.8 

60.6 

31.2 

17.7 

19.4 

23.9 

4.9 

4.6 

7.2 

14.2 

27.9 
20.1 

6.6 

5. 1 

25.4 

0.0 

16.3 

20.9 


Mils 

158.4 

141.5 

295.5 

J 60.0 

^ 117.2 

j 139.9 
225.9 

106.9 

46.6 

41.3 

69.2 

137.9 

223.7 

78.4 

124.9 

205.8 

107.9 

100.9 
162.3 

339.9 


oo 

CVJ r-t -H r-4 (M 

+ -H + -f-H il 

rHN 

1 -H ® 

_ o 1-1-1 -ICOOO 

H il -H -ii ^1 1 1 il il 


deLavaud, C 

13 

s 

b 

Mils 

9.7 

3.0 

9.2 

10.4 

3.5 

6.0 

15.0 

2.9 

24.1 

(0 

8.3 

3.4 

(0 

7 . 6 

8.1 

3.9 

37.7 

3.2 

5.4 

13.8 


IH 

Mils 

147.1 

51.1 

} 79.9 

127.7 

73.0 

63.4 

195.8 

o O CO o r-too-^ -ffooicn 

CO* 1+1 w o 1 ^' >-i os 03 oj 1-10 

rfi CO I> ‘O OSOStO rHJOmf 

- iM n (M 



•H-fij -H -H 

CO 

•H -H 

1-HCO <M_ O O^-t-iCOO IM05COOO 

-f- -11 -fi ^ -H ^ Ml 1 -tMI 


Weighted maximum 
penetration 

South- 
ern pit 
cast, 

Z 

Mils 

224 

87 

147 

90 

90 

10 

72 

228 

62 

63 

61 

65 

53 

91 

170 

61 

135 

171 

110 

:+ 

• oo 


North- 
ern pit 
cast, 

L 

Mils 

123 

57 

120 

90 

40 

10 

87 

217 

57 

68 

43 

49 

50 

110 

148 

54 

92 

187 

81 

oeoii. 
lO O 0.1 

nco 

deLa- 

vaud, 

C 

:2 lowio oo >— 1 (M(Mcoi-ico CO* r-< a> ••'fosr-t o 

rHxtiTtI 050 rHOOlOCOltl TfH - »0 CO •t'-OO OS 

r-l r-H W 

CO oco 
OSOJCO 

04 

Maximum penetration 

South- 
ern pit 
cast, 

z 

Mils 

301 

93 

176 

103 

110 

10 

77 

239 

72 

79 

68 

89 

60 

114 

189 

69 

147 

259 

121 

:+ 

•oos 

• 1+ 04 

• rft 

North- 
ern pit 
cast, 

L 

Mils 

152 

62 

135 

95 

46 

10 

149 

240 

74 

75 

66 

59 

66 

131 

154 

50 

103 

207 

102 

110 04 -H 
N.04C0 
-ICO 

O e3 
"d > 

Mils 

127 

48 

61 

126 

76 

22 

88 

179 

64 

50 

46 

67 

47 

84 

85 

69 

97 

106 

242 

41 

Loss of weight 

South- 
ern pit 
cast, 

Z 

oz/ft^ 

13.05 

5.02 

4.18 

10-08 

10.47 

1.16 

8.01 

30.81 

6.56 

5.29 

2.27 

4.52 

6.15 

6.87 

9.13 

9.60 

4.84 

4.56 

10.19 

• liO 

•S'© 

North- 
ern pit 
cast, 

L 

ozfft^ 

13.47 

6.75 

3.93 

10.76 

8.49 

0.94 

5.67 

20.28 

6.12 

5.75 

2,00 

5.66 

4.95 

8.39 

10.12 

9.22 

2.66 

5.47 

7.68 

8.38 

39.54 

0.70 

deLa- 

vaud, 

C 

ozjft- 

12.68 

6.38 

3.18 

19.13 

10.59 

0.82 

6.76 

16.84 

6.82 

5.55 

1.61 

3.96 

8.27 

10.91 

2.74 

3.13 

6.22 

9.18 

28.08 

0.99 

Dura- 
tion of 
expo- 
sure 

Years 

11.65 

‘>12.01 

«12.10 

‘>12.00 

«12.10 

‘>12.09 

11.52 

11.76 

11.51 

11.95 

11.92 

12.10 

11.76 

n2.02 

12.00 

11.78 

11.71 

11.63 

11.65 

11.65 

12.09 

11.95 

^ • 

THCqM ■TtlifD OlNQ0®O tHIM lOCOt-OOOS 

•** —tH tHi-I r-i (NNOKNCM 
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^ Data unsatisfactory for determining the pit-depth — ^time curves, 
s Specimens lost; average pit depths at the close of C years. 

D =Specimens destroyed; no weight-loss data. 
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four pits from each 6-inch specimen. The justification for this weighting 
will be shown later. 

If it is assumed that the data are properly weighted, the data in the 
last three columns of table 29 may he compared with similar data for 
wrought pipe in table 36 to 37. Such com])arison should not be made 
for specimens exposed for different periods even if reduced to time-rate 
bases. Likewise, it is not proper to compare unweighted pit depths for 
specimens of different sizes; for example, the average maximum-pit- 
depth data in table 3Q with similar data for wrought pipe of the same 
age. 

(b) AFTER 12 YEARS OF EXPOSURE 

Table 30 is mostly a rearrangement of parts of tables 4, 5, and 7 of 
Eesearch Paper EP883, Soil-Corrosion Studies, IJ)34 [45], whicli reports 
the data on the examinations of all tlie 6-inch cast ferrous specimens 
buried in 1922. 

The average maximum pit-depth data were derived in the following 
way. A procedure was adopted that involves a minimum of assumptions 
as to similarity of materials, areas, and rates of corrosion. The first step 
was to plot all of the pit depths for each material in ea,ch soil, and to 
draw arbitrarily smooth curves for the data representing the trend of the 
data with respect to the duration of the exposure. If no specimens were 
missing, 6 or 12 points, 1 for each of the L and Z specimens and 2 for 
the C specimens for each period of exposure Avere plotted. Points on this 
curve corresponding to the six periods of ex])osure were taken olf, and 
the ratios of the last point to each of the others were computed. Then 
each plotted point or pit depth was multiplied by the ratio for the corre- 
sponcling time of exposure, thus reducing ail pit depths to coiTesponding 
pit depth for 12 years of exposure. The average pit deptli, the standard 
deviation, and standard error were then eompiited for these adjusted 
observations, that is. for each material in each soil. 

The magnitudes of the average pit depth and of the standard error 
depend, of course, on the way in which the curve referred to was drawn, 
and it is probable that, in some cases at least, more representative curves 
could have been drawn. This would have resulted in smaller standard 
errors and more accurate average values. Nevertheless, the worst result 
of an improperly drawn curve is an inaccurate average and a large 
standard error. The two taken together are true for any curve, altliough 
they may not be sufficiently precise to he of value. As the purpose of the 
study was to determine whether or not the differences between the aver- 
age rates of penetration could be accounted for by the dispersion of the 
data as indicated by the standard error, there was nothing to be gained 
by calculating the average rates of penetration for eases wdiere the dis- 
persion was obviously so great that a very large standard error would 
be obtained. In certain cases an average with a satisfactory standard 
error could he made by neglecting one or two points on the assumption 
that such points were the results of abnormal conditions witli respect to 
soil or material. This, how’'ever, is a somewhat questionable procedure. 
Table 30 gives the average maximum pit depths for each cast-iron mate- 
rial in each soil for which a satisfactory standard error could be obtained 
by the method jnst outlined. 

If all specimens were removed and data from them used, the number 
of observations or, in statistical terms, the size of the sample was 12. 
In some mildly corrosive soils two specimens were left in the ground so 
that they could be examined after a long period of exposure. A few 
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specimens ^^vere lost or destroyed, and a few pit measurements liave been 
neglected for reasons stated above. The table includes a column showing 
the number of specimens that were omitted from the computations and 
the reason for the omission. A ± sign followed by a number indicates 
the number of specimens for which no data were available ,* a + sign 
and a number indicate that one or more pit measurements were neg- 
lected because the values were so much greater than the estimated values 
for the period that an extremely large standard error would result if 
the data were included, and a — sign indicates that the pit depth was 
much less than the estimated value. It is possible, therefore, for anyone 
to revise the table by eliminating the soils from which data were deleted 
without completely recalculating the table. 

It will be noted that the average maximum penetrations have not been 
computed for the cast specimens because there were so many soils in 
which the data were erratic that averages which would be satisfactory 
for comparisons could not be obtained. This unsatisfactory condition is 
due, in part, to the small number of specimens of the cast materials 
and, in part, to the great dispersion of the data. In some cases the 
dispersion is the result of extra-deep pits, whereas in others, the cause 
of the dispersion is the absence of pits of the expected depth. The fact 
that the cast-iron specimens were larger than the others may to some 
extent account for the greater dispersion of their data and for the 
greater maximum pit depths that sometimes appear. Table 33 may be 
used for comparing the materials listed in the table, but the unweighted 
data are not comparable without adjustment with similar data for speci- 
mens having different exposed areas. The pit-depth-area for relation 
will be discussed later. The standard error is an indication of the 
reproducibility of the data. Rouglily speaking, if the tests were re- 
peated, the odds against a second average differing from the first by 
more than twice the standard error are about 20 to 1. 

The probability that two average values are really different may be 
determined from the equation 



in which 

Oi = standard error of average No. 1. 

Go = standard error of average No. 2. 

Ni = number of observations in average No. 1. 
As — number of observations in average No. 2. 
(Jd standard error of difference. 


If the difference between the two averages is more than 2aD, the 
chances are about 20 to 1 that the difference is not due to chance. If 
the difference is more than 30i>, the chances that the difference is real 
are about 997 in 1,000. To illustrate, for soil 1 the average of the 
deepest pits on 12 C specimens was 147.1 mils, with a standard error of 
9.7 mils, whereas the average of the deepest pits on 6 specimens of 
southern east iron, Z, was 293.7 mils, with a standard error of 15.2 mils. 
The standard error of the difference, 293.7 — 147.1, or 146,6 mils, is 



(15.2)2 

6 


I=:0~6.8O, 


30=20.4. 


It is, therefore, highly probable that the difference of 146.6 mils is sig- 
nificant. On the other hand the standard error of the difference between 
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the pit depths on the 0 and L specimens in soil 1 is 38.56, whereas the 
difference between the pit depths is only 11.3. The difference is, there- 
fore, probably accidental. This is due to the large standard error of the 
L specimens. Statistical treatment of the Bureau’s soil-corrosion data 
is not entirely satisfactory because of the dispersion of the data and 
the limited number of the specimens subjected to one set of conditions, 
and because the necessary assumptions as to the distribution of the data 
are not strictly correct. However, such treatment serves a very useful 
purpose in that it calls attention to the limitations of the data. Some 
idea of the magnitude of an investigation that would give entirely 
satisfactory data can be obtained from the fact that the Bureau lias 
exposed over 36,000 specimens and from the magnitude of the standard 
errors of the data. Consideration of these facts will make it evident 
that to obtain satisfactory data, it would be necessary to increase the 
number of specimens subject to a single set of conditions, and to limit 
the varieties of specimens and conditions. Wli ether or not the same 
investment with these limitations would yield more useful information 
is debatable. 


(c) AFTER 9 YEARS OF EXPOSURE 

The results of examinations of specimens buried in 1922, some of 
which appear in table 30, indicated that some soils were severely cor- 
rosive and that pipe materials more resistant to corrosion were desirable. 
In 1932 the Bureau invited manufacturers to submit specimens of 
materials believed to be suitable for service in 15 soils selected because 
of their corrosivity with respect to the commonly used ferrous pipe 
materials. The materials submitted are the bases for the so-called tests 
of corrosion-resistant materials. The tests will not be completed until 
after the war, but data so far obtained indicate iir a general way what 
may be expected [57]. 

Table 31 shows the losses of weight and maximum penetration of six 
varieties of cast iron. The specimens were about 14 inches long and 
inches in diameter and were laid in a horizontal position across the 
trenches. The table is comparable only with tables 41 and 42, which 
show data on steel specimens of the same size and age. As table 31 is 
based on the performance of only two specimens of a kind, the data 
cannot be treated statistically. 

To provide a more reliable basis for comparing materials and soils, 
tables 32 and 33 have been prepared. For each of the four periods of 
exposure, the losses of weight and maximum pit depths for each mate- 
rial in each of 12 soils for which the data were complete were expressed 
as percentages of the averages of the loss of weight and the maximum 
pit depths in all of the 12 soils. The results for the four periods were 
then averaged to form tables 32 and 33. This permits a comparison of 
the materials in each soil and of the corrosiveness of each soil with 
respect to each material. By taking the value of N as 8, the number of 
specimens of one kind in each soil, the standard error of the difference 
for any two materials or soils can be computed and the significance of 
the difference determined. Without the computations it is almost obvi- 
ous that some of the soils are more corrosive than others, and that the 
high alloy, E, is the only material definitely superior to the others. 



Table 33. — Loss of weight and depth of maximum pcnciraiion- of east-iron pipe exposed for 9 years. 
[Average for 2 .speeimenH. Each ounce per square foot corresponds to an avcjrnge penetration of 0.0017 inch.] 
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Table 32 . — Average of the relative loss of weight of the cast materials for four 

periods of exposure. 


{In percent] 



Rattled, 

Low alloy, I 

Low alloy, J 

Low alloy, C 

High alloy, E 


Soil 












No. 

Bela- 

Stand- 

Rela- 

Stand- 

Rela- 

Stand- 

Rela- 

Stand- 

Rela- 

Stand- 



tive 

ard 

tive 

ard 

tive 

ard 

tive 

ard 

live 

ard 



loss 

error 

loss 

error 

loss 

error 

loss 

error 

loss 

error 


53 

42 

14 

30 

8 

30 

9 

34 

11 

13 

2 

30 

00 

36 

5 

30 

6 

34 

14 

30 

10 

9 

2 

28 

56 

246 

36 

205 

53 

203 

42 

1S7 

28 

89 

14 

186 

58 

166 

24 

175 

33 

172 

37 

190 

11 

67 

18 

154 

59b 

37 

4 

34 

0 

33 

3 

24 

3 

22 

16 

25 

60 

129 

31 

128 

21 

112 

18 

104 

22 

61 

16 

107 

61 

50 

12 

56 

14 

57 

15 

52 

11 

18 

4 

47 

62 

! 82 

13 

70 

16 

74 

15 

67 

' 17 

20 

3 

63 

63 

45 

11 

53 

10 

66 

12 

32 

7 

10 

1 

41 

64 

308 

39 

376 

38 

387 

47 

394 

58 

74 

12 

256 

65 

104 

27 

128 

29 

130 

24 

164 

2() 

20 

6 

111 

66 

74 

16 

73 

7 

99 

6 

IIS 

22 

42 

5 

81 

Average 

110 


113 


116 


116 


38 
















^ See table 9 for composition of the materials. 



33 . — Average of the relative maximum pcnetratioii of the cast materials for four periods of exposure, 

[In percent] 
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(d) AFTER 2 YEARS OF EXPOSURE 

The east-iron specimens exposed for 2 years consist of 12- by by 
i/ 2 “inch sections of 12-ineh class 150 Super deLavaud pipe bolted to flat 
12- by 3%- by %-incli charcoal cast-iron plates by means of steel and 
charcoal cast-iron bolts. 



CD 


SOIL 70 


CE 



FiGtrEE lO.-Clmrcoal cast iron CD, and steel CD, dolts exposed to doth soils 5S and 
^0 for approximately B years each. 


fhp charcoal east iron lost more weight than 

nft on® soil til® niax- 

mum pit depths on the Super deLavaud east iron were definitely less 
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than on the charcoal cast iron. This might be attributed to galvanic 
action between the different metals in addition to the other causes of 
corrosion. Figure 10 shows the condition of the cast-iron and steel bolts 
connected to the couples in soils 56 and 70. 


Table 34 . — Loss of weight and depth- of maximum penetration- of cast-iron plates 
and cast-iron and steel holts (the plates were comieeted hy the holts). 

[Exposure 2 years] 


Soil 

! 

j 

i 

jExpo- 
j sure 

deLavaud 
cast iron 

CC 

Charcoal 
cast iron 

CB 

Nuts 1 

Steel 

CE 

and bolts 

Charcoal 
cast iron, 
CD 

No. 

Type 

Loss of 
weight 

Maxi- 

mum 

pene- 

tration 

Loss of 
weight 

Maxi- 

mum 

pene- 

tration 

Loss of 
weight 

Loss of 
w’eight 



Years 

oz/ft^ 

Mils 

oz/ft^ 

Mils 

oz//r- 

ozift- 

53 

Cecil clay loam 

1.91 

1.21 

30 

1.59 

38 

1.92 

I 1.81 

55 

Hagerstown loam 

2.03 

1.03 

32 

1.05 

68 

1.28 

1 . 56 

56 

Lake Charles clay 

1.91 

6.13 

45 

11.27 

74 

20.10 

9.04 

58 

Muck 

! 1.91 

5.98 

42 

4.10 

58 

6.47 

7.12 

60 

Rifle peat 

1.91 

4.27 

23 

3.21 

41 

5.06 

3.32 

61 

Sharkey clay 

1.92 

1.66 

36 

2.56 

58 

2.54 

2.28 

62 

Susquehanna clay 

1.90 

2.52 

34 

2.73 

57 

2.57 

3.31 

63 

Tidal marsh 

1.S8 

1.94 

36 

2.69 

57 

(a) 

(a) 

64 

Docas clay 

1.90 

4.53 

36 

4.64 

57 

3.28 

'’o . 54 

65 

Chino silt loam 

1.91 

1.89 

34 

3.39 

54 

4.24 

3.85 

66 

Mohave fine gravelly loam. . 

1.86 

4.88 

34 

6.28 

54 

(“) 


67 

Cinders 

1.90 

18.48 

88 

20.67 

102 

16.22 

18.18 

69 

Houghton muck 

1.90 

2.25 

38 

2.08 

36 

1.71 

1.86 

70 

Merced silt loam 

1.90 

7.40 

96 

10.50 

122 

^’11.19 

10.12 


‘•1 Both specimens missing. 

b Loss of weight for individual specimens different from each other by more than 50 percent. 


(e) HIGH-SILICON CAST IRON 

Included in the materials buried in 1922 were specimens of Duriron, 
a east iron containing about 14 percent of silicon. The material is not 
machinable, but is used extensively for chemical plumbing. With a very 
few exceptions, the losses after from 10 to 12 years’ exposure were neg- 
ligible. There was no pitting or softening except along cracks in the 
specimens in soil 28, Montezuma clay adobe. Similar corrosion was 
found in this soil on two previous inspections, and on one inspection 
softening in spots occurred in Muck. Detailed data on high-silicon cast 
iron may be found in Kesearch Paper EP883 [45], 

(f) MALLEABLE CAST IRON 

The corrosion of gray cast iron starts at and tends to follow the 
boundaries between the graphite plates and the ferrite crystals. The 
heat treatment which malleable iron receives slightly reduces the total 
carbon content and the free carbon takes the form of small rounded 
particles. The Bureau tests did not include a sufficient number of 
specimens to justify a generalization as to the relative corrodibility of 
gray and malleable east iron. 

Table 35 shows the data for the longest period of exposure. To the 
data on malleable iron have been added data on specimens of high- 
tensile-strength east iron and cast steel. Data on ordinary cast iron 
have been added for comparison. The malleable iron and east steel 
specimens were in the form of elbows and with available apparatus it 
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(d) AFTER 2 YEARS OF EXPOSURE 

The cast-iron specimens exposed for 2 years consist of 12- by 3^:,- by 
V 2 -inch sections of 12-incli class 150 Super deLavand pipe bolted to flat 
12- by 31/^- by %-ineli cliareoal east-iron, plates by means of steel and 
charcoal cast-iron bolts. 



CD 


SOIL 70 


CE 




PiauKE Charcoal cast iron CD, and steel CB, holts exposed to hath soils 56 and 
W for a'p^roximately ^ years each. 


that the charcoal east iron lost more weight than 

Imnm f soil the max- 

p d pths on the Super deLavaud cast iron were definitely less 
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than on the charcoal cast iron. This might be attributed to galvanic 
action between the different metals in addition to the other causes of 
corrosion. Figure 10 shows the condition of the east-iron and steel bolts 
connected to the couples in soils 56 and 70. 

Table 34 . — Loss of weight and depth of maximum penetration- of cast-iron plates 
and cast-iron and steel holts (the plates were connected hy the holts). 


[Exposure 2 j’-ears] 


Soil 

Expo- 

sure 

deLavaud 
cast iron 

CC 

Charcoal 
cast iron 

CB 

Nuts i 

Steel 

CE 

and bolts 

Charcoal 
cast iron, 
CD 



i 


Maxi- 


Maxi- 




_ 1 


Loss of 

mum 

Loss of 

mum 

Loss of 

Loss of 


1 ype , 


weight 

pene- 

weight 

pene- 

weight 

weight 





tration 


tration 





Years 

oz/ft^ 

Mils 

oz/ft- 

Mils 

oz/ft- 

oz/fV- 

53 

Cecil clay loam 

1.91 

1.21 

30 

1.59 

38 

1.92 

1.81 

55 

Hagerstown loam 

2.03 

1.03 

32 

1.05 

68 

1.28 

1 . 56 

56 

Lake Charles clay 

1.91 

6.13 

45 

11.27 

74 

20.10 

9.04 

58 

Muck 

1.91 

5.98 

42 

4.10 

58 

6.47 

7.12 

60 

Rifle peat 

1.91 

4.27 

23 

3.21 

41 

5.06 

3.32 

61 

Sharkey clay 

1.92 

1.66 

36 

2.56 

58 

2.54 

2.28 

62 

Susquehanna clay 

1.90 

2.52 

34 

2.73 

57 

2 . 57 

3.31 

63 

Tidal marsh 

l.SS 

1.94 

36 

2.69 

57 

C) 

(a) 

64 

Doca.s cliiv 

1.90 

4.53 

36 

4.64 

57 

3.28 

b5 . 54 

65 

Chino silt loam 

1.91 

1.89 

34 

3.39 

54 

4.24 

3.85 

66 

Mohave fine gravelly loam. . 

1.86 

4.88 

34 

6.28 

54 

(a) 

e) 

67 

Cinders 

1.90 

18.48 

88 

20.67 

102 

16.22 

18.18 

69 

Houghton muck 

1.90 

2.25 

38 

2.08 

36 

1.71 

1.86 

70 

Merced .silt loaiu 

1.90 

7.40 

96 

10.50 

122 

HI. 19 

10.12 


Both specimens missing. 

^ I-oss of weight for individual specimens different from each other by more than 50 percent. 


(e) HIGH-SILICON CAST IRON 

Included in the materials buried in 1922 were specimens of Duriron, 
a cast iron containing about 14 percent of silicon. The material is not 
machinable, but is used extensively for chemical plumbing. With a very 
few exceptions, the losses after from 10 to 12 years’ exposure ivere neg- 
ligible. There was no pitting or softening except along cracks in the 
specimens in soil 28, Montezuma clay adobe. Similar corrosion was 
found in this soil on two previous inspections, and on one inspection 
softening in spots occurred in Muck. Detailed data on high-silicon cast 
iron may be found in Research Paper RP883 [45], 

(f) MALLEABLE CAST IRON 

The corrosion of gray cast iron starts at and tends to follow the 
boundaries between the graphite plates and the ferrite crystals. The 
heat treatment which malleable iron receives slightly reduces the total 
carbon content and the free carbon takes the form of small rounded 
particles. The Bureau tests did not include a sufficient number of 
specimens to justify a generalization as to the relative corrodibility of 
gray and malleable east iron. 

Table 35 shows the data for the longest period of exposure. To the 
data on malleable iron have been added data on specimens of high- 
tensile-strength east iron and cast steel. Data on ordinary cast iron 
have been added for comparison. The malleable iron and east steel 
specimens were in the form of elbows and with available apparatus it 
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was impracticable to determine pit depths on tlvese specimens. Inspec- 
tion indicated that the pitting did not differ greatly in form and extent 
from that on ordinary cast iron under tlie same conditions. A little 
additional information on the relative corrodibility of malleable cast 
iron and steel will be found in the section on the corrosion of bolts, 
table 50. 

The specimens in table 35 differ considerably in the area exposed and 
in shape. The gray cast-iron specimens were much larger than the 
others, were buried at different times, and were exposed for somewhat 
different periods. The other materials seem to corrode somewhat less 
than the cast iron, but the differences are not large a,nd may be acci- 
dental. ’ 


Table 35 . — Corrosion of malleable cast iron and cast steel. 


Soil 

No. 


Dura- 

tion 

Malle- 

able 

(’ast 

Iligli-tonHile- 
.strength east iron, 
V 

dray cast iron, 

Soil type 

of 

expo- 

sure 

iron cll, 

S. 

Loss of 
weight 

K. 

Loss of 
weight 

Loss of 
weight 

Maxi- 

imim 

pem*- 

tratioii 

Loss of 
weight 

Maxi- 

mum 

pene- 

tration 

13 

Hanford very fine sandy loam . 

Years 
10. IG 

oz/ft'i 

13,41 

oz/ft- 1 
10.81 

ozift" 

10.87 

A/Z/s 

120 

oz/fr^ 

Mils 

24 

Merrimac gravelly sandy loam. 

10.63 

1.11 

4.02 

1.00 

40 

4.74 

27 

28 

Montezuma clay adobe 

9.00 

13.44 

10.03 



“30.05 

“358 

29 

Muck 

10.08 

10.58 

11.09 

11.89 

100 

15.21 

145 

42 

Susquehanna clay 

10.05 

7.14 

7.44 

5.73 

101 

11.27 

172 

43 

Tidal marsh 

10.73 

21.35 

8.09 

11.70 

103 

n.42 

157 

45 

Unidentified alkali soil 

10.55 

17. 02 

19.94 

22.07} 

101 

17.05 

232 


a Duration of exposure 1 1 . G7 years. 


2. WROUGHT FERROUS MATERIAL 

This group of materials includes all rolled ferrous materials, such as 
open-hearth iron, wrought iron, Bessemer steel, and open-hearth steel, 
together with alloys, irons, and steels that liave been rolled into their 
final forms. 

(a) AFTER 17 YEARS OF EXPOSURE 

^ Table 36 and the weighted pit depths of table 37 are comparable with 
similar data in table 29 and present the data for the oldest wrought 
specimens. The weighting was based on the area of the specimens, that 
is, the single deepest pit on each 1%-inch specimen and the two deepest 
pits on each of two 3-inch specimens. As a check on this weighting, 
the corresponding pit depths of the iy 2 -incli and the 3-inch wrought- 
iron specimens may be comparted. The same companies furnished both 
materials. Although the averages for all soils indicate that the weight- 
ing favors the 1%-inch material, there are 8 soils in which the weighted 
pit depths are greater for the smaller specimens compared with 10 soils 
in which the pit depths are^ less. The and specimens may he 
compared with the M specimens. It is possible that the amount of 
rolling or heating required to join the two sizes of pipe or the curva- 
tures of the pipes may be a factor affecting the pit depths. 



[Average of two specimens in ounces per square foot.] 
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(b) AFTER 12 YEARS OF EXPOSURE 

Tables 38, 39, and 40 contain the same kind of information as table 33 
and show the data for 12-year-old wrought pipe. Only the weighted pit 
depths on specimens of different size should be compared without adjust- 
ment. As a very rough average factor for comparing unweighted pit 
depths one may assume that for small changes in area, doubling the 
area increases the maximum pit depth on ferrous pipe about 10 percent. 
However, the pit-depth-area relation is somewhat different for different 
soils and materials. 

At the bottom of the tables 39 and 40, average rates of corrosion for 
most of the soils are given. The difference in the soils is so great that 
average rates for all soils have little value, except that they permit -a 
comparison of different materials exposed to the same conditions. These 
averages have been shown graphically in figure 11. As the pit depths 
were not adjusted to take account of the areas of the specimens, only 
materials of the same size are strictly comparable. 



Figure 11 . — Average maximum pit depth on wrought pipe for 12 pears of exposure; 

2S soils. 


The figure 11 indicates that there may be a real difference between 
open-hearth iron specimens and the other 1%-inch wrought specimens, 
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as the difference between the average pit depth of the iron and that of 
the other iy 2 -inch specimens is approximately yvice the sum of the 
standard errors of the materials. Similarly, the 3-inch open-hearth steel 
containing 0.2 percent of copper may corrode at a different rate from 
that of the steel to which copper was not added. In both eases the 
reason for the differences may be the character of the surfaces of the 
specimens employed, and the conclusions might not apply to materials 
having similar compositions but different surface finishes. In the ease 
of the open-hearth iron, the surfaces of the specimens were covered by 
an almost continuous thin oxide film which broke down in a relatively 
few places, thus concentrating the galvanic action. A basis for this 
suggestion is the low loss of weight of the specimens of this material. 

The copper-bearing steel specimens, on the other hand, carried un- 
usually heavy patches of mill scale at certain points on their surfaces. 
It is possible that galvanic action between this mill scale and the re- 
mainder of the surface of the pipe accelerated the corrosion, or that 
after a period of exposure the mill scale became loosened and galvanic 
action between the unprotected spots and the oxidized areas caused 
additional corrosion. Care should be exercised in generalizing from the 
tests of the material from a single source. 

The average penetration is smallest for the wrought-iron specimens 
but the difference between the average maximum rates of penetration 
for wrought-iron and Bessemer steel is not sufficient to show positively 
a difference in the rates of corrosion of these materials for either the 
li/^-inch or the 3-ineh specimens. Although it cannot be said tliat the 
materials do not differ, the figure indicates that on the average the 
rates of penetration do not differ greatly. 

Figure 11 indicates also that the maximum pits are generally deeper 
on the 3-ineh than on the 1%-inch specimens, but tables 31) and 40 
show that this is not always the case. 



Fioijre 12.— CorrclaUo7i letween %nttin(j factor and drainage. 

One of the early observations concerning the soil-corrosion specimens 
was mat the corrosion was not uniform and that this lack of uniformity 
was diffpent for different soil conditions and different materials. The 
term pitting factor’^ is used to designate the ratio of the maximum to 
the average depth of penetration by corrosion. The i)itting factor is an 
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indication of the uniformity of corrosion and tends to become less as 
specimens grow older. For the specimens in tables 36 to 40 it ranges be- 
tween 2 and 40. If the soils are divided into four groups with respect 
to drainage (aeration), as in table 5, and values 1, 2, 5, and 7 assigned 
to the terms “very poor,” “poor,” “fair,” and “good,” respectively, and 
if the pitting factors of all the wrought materials in each soil are com- 
puted from tables 32 to 40 and plotted against the values of the soil 
drainage, figure 12 results. The curve indicates that the pitting factor 
is lowest for the very poorly drained soils. The pitting factor gives 
no indication of the depth of the corrosion nor the number of deep pits, 
and it is not an adequate expression of the seriousness or the distribution 
of corrosion. It tends to be larger for larger specimens. 

(c) AFTER 9 YEARS OF EXPOSURE 

Tables 41 and 42 show the loss of weight and maximum penetration 
of .9-year-old wrought specimens. These data are comparable with those 
in table 31 as approximately the same areas were exposed. Tables 43 
and 44 were prepared in order to provide a better basis for comparison 
of materials by the same method as that used in the preparation of tables 
32 and 33. The number of specimens of each material from each site was 
eight. The standard errors are so large that probably the difference 
between the materials is not significant. There appears to be a real 
difference in the corrosivities of the soils. Figure 13 shows graphically 
the averages given in tables 43 and 44, and indicates that with respec+ 
to the relative average values of all materials in the 10 soils for th 
4 periods of exposure, nickel-copper steel (D) is better with respect t 
pitting and loss of weight. However, it should be noted that the mil 
scale had been removed from these specimens prior to burial. This migh 
have had an effect on the pitting, as will be evident when the data on 
the nickel-copper steel given in the following section are compared with 
the data for a steel of similar composition, but from which the mill scale 
had been removed. 



Figure 13. — Selatire loss of weight and maximvm penetration of wrought ferrous 
for four periods of exposure. 

8147S6“~~4S 6 




Table 38 . — Loss of weight of 12-yecir-old wrought ferrous pipe. 
[Average of two specimens, in ounces per square foot.] 
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Table 40. MaxiTnum, iveighted maximum^ and estimated average maximum penetration of 3-inch wrought ferrous pipe exposed for 13 years, 

[In mils] 
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Estimated average maximum penetration (/i = 12) 
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Table 41 . — Loss of weight of wrought pipe exposed for 9 years. 

[Ill ounces per square foot®] 
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Table 43. — Average of the relative loss of weight of wrought sju'cvniens for four 

periods of exposure. 


[In percent] 




Wrought iron 


Cu-Mo iron, 

Low-carbon 

Ni-Cu stool, 

5% Cr steel, 









steel, 

N 
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p 















Aver- 

age 

No. 
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Rcda- 

Stand- 

Rela- 

Stand- 

tive 
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loss 
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53 

62 

14 

63 

14 

60 

8 

62 

6 

43 
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35 
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55 

56 
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74 
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See table 7 for the composition of the materials. 
Data for only 3 periods of exposure. 


Table 44. — Average of the relative maximum penetrations of wrought specimens 
for four periods of exposure. 


[In percent] 



Wrought iron 

Cu-Mo iron. 

I.<ow-carbon 

steel, 

Ni-Cu steel. 

5% Cr steel. 
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a See table 7 for the composition of the materials. 
Data for only 3 periods of exposure. 
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It should be pointed out that such graphs as figure 13, which are based 
on the averages of the performances of materials that do not behave the 
same in different soils, have limited value, as the material that shows 
the best average performance may not be the best for some specific soil 
condition. 

3. FERROUS-ALLOY SHEETS AND PLATES 

For convenience, many of the ferrous alloys submitted in the more 
recent tests were in the form of sheets or plates. Whether data on plates 
are applicable to pipes of the same material or not has not been deter- 
mined. If the plates are laid flat in the trench as most of them were in 
the Bureau tests, the aeration of the under side piay be poorer than that 
of the upper side. A large part of the specimens show maximum cor- 
rosion on the under side. 

Table 45 shows the loss of weight and maximum penetration of seven 
high-chromium-alloy sheets after 9 years of eiposp*-. With- the ex- 
ception of the 12- and 17-percent-ehromium materials in^hree soils, the 
losses of weight and the pit depths are very small. Comparing the data 
for the plate K with the pipe R in table 42, which is similar in com- 
position, the pipe lost weight more rapidly in all soils w^here comparisons 
can be made. However, the sheets K were placed on edge and were more 
highly finished. Specimens of the high-alloy sheet buried in soil 64 for 
9 years are shown in figure 14. The behavior of these specimens is char- 
acteristic of what may be expected of these materials in poorly aerated, 
corrosive soils. 

Materials S and T were included in the test to determine whether or 
not manganese could be used instead of nickel as an alloying element. 
The number of specimens is too limited to justify a conclusion regarding 
this. 

It should be pointed out that the notations M and U appearing in 
table 45 and in some of the following tables may not represent real 
differences. It is often very difficult to determine whether a specimen 
is unaffected or whether metal attack has caused an increased roughen- 
ing of the surface, because the surfaces were rough before burial. In 
any case, whether the pitting is listed as M or U, the amount of corrosion 
is negligible. 

Tables 46 and 47 show the loss of weight and maximum penetration 
of alloy steel plates buried 4 years, and table 48 and figure 15 show the 
relative loss and penetration of the materials in terms of the loss of 
weight and penetration of open-hearth steel plates for 2 periods of ex- 
posure. The data are based on the average performance of 4 plates in 
each of 14 soils. There are objections to this treatment of data, since 
the value of the average might be unduly affected by an abnormally large 
pit depth and because one material might be superior^ in one soil and 
correspondingly inferior under some other soil condition. However, 
examination of tables 46 and 47 shows that these objections are not 
important with respect to the materials under consideration. Table 48 
indicates that the addition of about 4 percent of chromium to an alloy 
reduces the loss of weight but increases the penetration. This is ex- 
plained by the postulate that the chromium renders most but not all the 
surface of the metal more cathodic because of an oxide film which breaks 
down in a few places. This would result in a large cathodic and a very 
small anodic area and a high current density and rate of penetration 
at the small anodes. In many soils the corrosion products are not pre- 
cipitated on the anode and corrosion is continuous. 
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iPiGURE 14 . — Specimens of higJi-alloy sheet huried 9 years in Docas day at Cholame^ 

Calif, (soil 64). 

V, 12-percent-cliromium steel; T, IS-percent-chromium; F, 18-percent-cliromiiim with S-pereent- 
nickel; T, 22-percent'Cliromiuni £:teel with nickel and manganese. The white spots on. specimens 

W and r are not holes. 
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RELATIVE LOSE IN WEIGHT- PERCENT 


A -OPEN HEARTH- STEEL 
0- Cu-Mo OPEN-HEARTH IRON 
N - Cu-Wo OPEN-HEARTH IRON 
J - Cu-N. STEEL 


!□ 


B-Nl-Cu STEEL 
C - Cr-Si-Cu-P STEEL 
KK- 2%-Cr STEEL WITH Mo 
0 - S'fe-Cr STEa 
E - 5%-Cr STEEL WITH Mo-Al-TI 
H - 6%-Cr STEEL WITH Mo 8 AI 

RELATIVE MAXIMUM PENETRATION-PERCENT 


A- OPEN HEARTH-STEEL j 


0- Cu-Mo OPEN HEARTH-IRON j j 


N - Cu-Mo OPEN hearth-iron j j 


J - Cu-Ni STEEL 1 1 


8 - Cu-M STEa 1 1 


C- O-Si-Cu STEEL j | 


KK- 2%-Cf STEEL | | 


0- 5X-Cr STEEL | | 


£ — 5%- Cr STEEL WITH Mo-Al-TI | | 


H — 6"4-Cr STEEL WITH Mo 8 Al j j 



F'iguee 15 . — Relative loss of weight and maximum penetration of ferrous plates for 
two periods of exposure. 



92 


Circulars of the National Bureau of Standards 



a The number in parentheses indicates the number of specimens removed from each ^ Average loss of weight or pit depth of 1939 removal is greater, 
test site. « The number in parentheses after the pit depth indicates that at least 1 specimen of a 

^ Polished surface. previous removal was punctured, e.g., (2) indicates a puncture after 2 years, 

e Data for 1 specimen only f Data for the individual specimens differed from each other by more than 50 percent. 



(In ounces per square foot ] 
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Table 48 . — BeJative loss of weight and maximum penetration of alloy iron and 

steel plates. 


[Average of two periods of exposure, in percent] 




! 

Loss of weight 

1 Maximum 

j penetration 

Symbol 

Alaterial 

Aver- 

age 

Stand- 

ard 

devi- 

ation 

Stand- 

ard 

error 

Aver- 

age 

Stand- 

ard 

devi- 

ation 

Stand- 

ard 

error 



100 



100 



0 

O^n-hearth iron — 0.45% Cu; 0.07% Mo 

100 

38 

7 

101 

31 

6 

N 1 

Open-hearth iron— 0.54% Cu; 0.13% Mo 

95 

19 

4 

102 

35 1 

6 

J i 

Low aUoy— 0.95% Cu; 0.52% Ni 

84 

25 

5 

101 

24 

4 

B 

Low alloy— 1.01% Cu; 1.96% Ni 

S3 

36 

7 

102 

36 1 

7 

C ^ 

Low alloy — Cr-Si-Cu-P steel — 1.02% Cr 

84 

19 

4 

109 

45 i 

S 

KK 

Low alloy — 2.01% Cr; 0.57% Mo 

78 

20 

4 

100 

58 

11 

D 

E 

4 to 6% Cr steel — 5.02% Cr 

4 to 6% Cr steel— 4.67% Cr; 0.51% Mo;i 

58 

27 

5 

120 

70 1 

13 

H 

0.030% Al; 0.022% Ti 

4 to 6% Cr steel— 5.76% Cr; 0.43% Mo; 

58 

24 

4 

no 

66 

12 


0.027% Al 

59 

1 

26 

5 

111 

61 

11 


Tile behavior of the 4- to 6-percent-ehromium steel in this test is in 
agreement with the behavior of the 5*percent chromium-steel specimens 
in the 9-year test, where lower loss of weight and deeper pitting was 
observed in comparison to- plain steel. 

Further inspection of figure 15 shows that the nickel-copper steel (B) 
is no better than some of the other low-alloy steels with respect to loss 
of weight and pitting. This is contrary to the results of the 9-year speci- 
mens, where the nickel-copper specimens of approximately the same 
composition appeared to be somewhat better than the other specimens. 
It should be noted that the scale on the 9-year nickel-copper steel speci- 
mens was removed, whereas the 4-year specimens were coated with a 
hard, uniform layer of mill scale. The acceleration of pitting resulting 
from local failure of the oxide coating would account for the relatively 
poor performance of the 4-year nickel-copper specimen (B) , as compared 
with the 9-year specimen (D) of the same composition. 

Figures 16 and 17 show the low-alloy plates exposed to soil 70. Areas 
where the mill scale was left intact on the nickel-copper (B) and the 
copper-nickel (J) steels are clearly shown. 

Table 49 shows the averages of the loss of weight and maximum pene- 
trations for a low-alloy plate and pipe and two high-alloy plates buried 
approximately 2-years. Although the loss of weight and depth of maxi- 
mum penetration of the two high-alloy materials is slight, there is a con- 
sistent difference favoiung the higher alloy. It is too soon to reach 
definite conclusions as to the relative merits of the copper-molybdenum 
steel and the chromium-molybdenum steel. The reader is cautioned 
against comparing these data with data for other materials exposed for 
the same length of time but buried at an earlier or later date, as two 
periods equal in length may differ considerably in amount or distribution 
of rainfall. For longer periods of exposure these differences will be 
of less importance. 

4. BOLTS 

Users of mechanical joints for pipes have frequently found severe 
corrosion of the bolts used, especially at the threaded ends. This led to 
the inclusion of a variety of bolts in the tests, some of which connected 
pieces of cast iron when buried, whereas others were completely exposed 

814786° — ±8 7 
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PlGOiE 16 . — Ferrous plates exposed 4 years to Merced sUt loam at ButtouwiUow 

Calif. ’ 

See table 7 for tbe composition of the specimens. 



PiersE 7.— Ferrous plates exposed 4 years to Merced silt loam at Buttonwillow, 

Calif. ’ 

See table 7 for the composition of the specimens. 


to soil. None were under severe stress. The irregular shapes of the bolts, 
their partial protection by the nuts and the materials which they held 
together, the galvamc couples involved, and the relatively few specimens 
subjected to the same conditions resulted in quite un- 
satistaetory data, some of which however, are presented in table 50. The 
pit-depth measpements were limited to the heads of the bolts because 
It was impracticable to measure the pits on the body of the bolt ac- 
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curately. The data indicate little difference in the performance of the 
different varieties of bolts. Sherardized bolts, and to a less extent lead- 
eoated bolts were more corrosion resistant than corresponding steel bolts, 
which, incidentally, were submitted as wrought-iron bolts. 

Table 49. — Loss of weight an4 depth of maximum penetration of low-alloy and 
high-alloy steel specimens exposed for “2 years. 

U, apparently unaffected by corrosion. 

M, shallow metal attack, roughening of the surface but no definite pitting. 

P, definite pitting but no pits on either specimen greater than 6 mUs. 


Soil 

Expo- 

sure 

.05% Cu, .07% 
Mo open- 
hearth iron 
(plate) , 

MM 

2% Cr steel 
with .49% 
Mo (pipe), 
NN 

20% Cr, 22% 
Xi steel 
(plate), 

DT 

18% Cr, 11% 
Ni steel 
(plate) , 
CM 





Maxi- 


Maxi- 


Maxi- 


IMaxi- 

No. 



Loss of 

mum 

Loss of 

mum 

Loss of 

mum 

Lobs of 

mum 

iype 


weight 

pene- 

weight 

pene- 

w'eight 

pene- 

weight 

pene- 





tration 


tration 


tration 


tration 



Years 

ozjfV- 

Mils 

oz/ft- 

Mils 

oz/'ft- 

Mils 

oz/'ft- 

Mils 

53 

Cecil clay loam 

1.91 

»2.32 

a 42 

1.97 

65 

0.0048 

U 

0.0054 

M 

55 

Hagerstown loam 

2.03 

0.92 

44 

0.92 

59 

.0065 

' u 

.0061 

M 

56 

Lake Charles clay 

1.91 

11.16 

60 

13.81 

78 

.0033 

u 

.0067 

M 

58 

Muck 

1.91 

4.70 

48 

5.88 

46 

.0017 

u 

.0053 

P 

60 

Rifle peat 

1.91 

3.44 

16 

4.08 

IS 

.0017 

u 

.0038 

P 

61 

Sharkey clay 

1.92 

2.32 

41 

1.98 

42 

.0032 

u 

.0063 

U 

62 

Susquehanna clay 

1.90 

2.96 

40 

2.57 

40 

.0020 

u 

.0074 

P 

63 

Tidal marsh 

1.88 

2.08 

22 

1.76 

38 

.0046 

u 

^.0084 


64 

Docas clay 

1.90 

4.09 

47 

3.92 

40 

.0018 

u 

.0063 

M 

65 

Chino silt loam 

1.91 

»3.14 

“43 

3.87 

51 

.0048 

u 

.0067 

M 

66 

Mohave fine gravelly loam . 

1.86 

6.64 

71 

9.02 

•=145 + 

.0041 

u 

.0095 

P 

67 

Cinders 

1.90 

25.97 

128 

17.75 

124-1- 

.0042 

u 

.0056 

U 

69 

Houghton muck 

1.90 

^2.25 

“13 

1.89 

22 

.0018 

u 

.0060 

u 

70 

Merced silt loam 

1.90 

10.07 

92 

12.81 

130 + 

.0035 

u 

.0078 

M 


^ Data for 1 specimen only. 

^ Data for 3 specimens. 

«= +Indicates that 1 or both specimens contained holes due to corrosion. 


5. EFFECT OF CORROSION ON BURSTING STRENGTH 

Tlie users of low-pressure pipe have frequently found on uncovering 
a pipe to repair one leak that punctures existed in several other places, 
some of which did not leak until the corrosion products were removed. 
If soil conditions are such that the corrosion products are deposited 
on the corroding areas, these products may form plugs of sufficient 
strength to prevent leaks until corrosion has weakened a considerable 
part of the pipe wall. This is shown by the following tests. A set of 
corrosion specimens, which included four pieces of 6-inch cast iron, 
were buried in Imperial clay near Niland, Calif, (soil 113). When the 
specimens were removed after an exposure of about 6 years, two of the 
cast-iron specimens were so corroded that they broke while being cleaned. 
The maximum pit depths in the other two were 0.243 and 0.345 inch, 
respectively. At the beginning of the test, a 36-inch length of 6-inch 
cast-iron pipe with the ends closed was filled with water and buried 
at the end of the trench. A small copper tube was brought out from the 
end of the pipe, by means of which hydraulic pressures have been ap- 
plied to the pipe at 2-year intervals. Fifteen years after the pipe was 
buried it withstood a pressure of 400 pounds per square inch. A similar 
test has been conducted in Merced silt loam and in a muck soil in New 
Orleans similar to the soil at site 29 and in Houston black clay (soil 15) 
with similar results. In 1940, similar tests* on standard and light weight 
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steel pipe were started. The light weight pipe blew out in 1943 at three 
sites at pressures of 151 pounds or less, but the standard- weight pipes 
withstood a pressure of 400 pounds per square inch. These tests indi- 
cate that corrosion products tend to plug the small-diameter pits and 
thus to render the pipes serviceable in spite of severe local corrosion. 
However, too much reliance should not be placed on the strength of 
corrosion products. If large areas are corroded deeply, or if the pipes 
are subject to severe water hammer or vibration, breaks or leaks may 
develop. 

A somewhat different but related study of the effects of pitting has 
been made by a manufacturer of wrought pipe [58] . A number of lengths 
of steel pipe used underground and pitted by corrosion were cleaned. 
Heads were welded on the ends and hydraulic pressure applied until 
the pipes burst. The report concludes that the results of these tests 
indicate by a comparison of the actual bursting strength with the cal- 
culated theoretical bursting strength, that although the reduction in 
bursting strength of any given size and wall thickness depends upon 
the extent tO' which corrosion has occurred and the depth of the pits, 
it is significant that a single or a dozen or more widely scattered pits of 
varying depths up to one-half or more of the original waU thickness 
does not impair the bursting strength and usefulness of the pipe to any 
marked degree, as the surrounding wall supports the base of the pit and 
prevents the pipe from bursting, except at high pressures, that is, pres- 
sures many times the normal working pressure of the average water line. 

It will be noted that the report [58] deals with the supporting strength 
of adjacent metal and unpunctured pipe from which the products of 
corrosion have been removed. No doubt, the tests first reported in this 
section were affected by the same factor, but it is probable that at some 
of the test sites corrosion has punctured the pipe wall, as specimens 
which have been similarly exposed, removed, and cleaned have been 
punctured after much shorter periods of exposure. 

VL INTERPRETATION OF RESULTS ON 
FERROUS MATERIALS 

1. GENERAL CONSIDERATIONS 

In interpreting the data obtained in the National Bureau of Standards 
soil-corrosion investigation, the reader should keep in mind the fact that 
the original purpose of the investigation was to- determine the extent to 
which soils are corrosive with respect to metals commonly placed in them, 
in the absence of electric currents from street railways or other sources 
of power. It should also be understood that many of the phenomena 
related to the behavior of metals underground were not generally under- 
stood at the time the tests were undertaken. The results of the tests have 
been entirely satisfactory as far as the original limited objectives are 
concerned. Furthermore, certain more extensive inferences can be drawn 
from the data, provided always that the specific conditions under which 
the tests were carried out are given due consideration. Care should be 
taken, however, to guard against adopting too far-reaching conclusions 
from too limited data. It should also be emphasized that predictions 
based upon the behavior of individual test specimens cannot be relied 
upon with certainty except for similar materials operating under identi- 
cal conditions. The performance of two specimens of the^ same material 
exposed to nominally the same conditions may differ considerably owing 
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to unkno^ni differences in material or environinent. For this reason, it 
should be fairly obvious that general conclusions should be based on the 
average performance of a considerable number of specimens exposed to 
the same soils under as nearly identical conditions as possible. 

Several factors that affect the corrosion of metal underground have 
alreadj* been mentioned, including depth of burial, scale on the surface, 
diameter and area of pipe, and duration of exposure. To these should 
be added the roughness and degree of oxidation of the surface, the con- 
dition of the soil at the time of burial, and other factors that may be 
peculiar to a given location. 

The data on loss of -weight and pit depths sho-vm in the foregoing 
tables give a fairly clear picture of the corrosion of the specimens used 
in the tests, and ^ve a good indication of the extent to which corrosion 
occurs in the various soils. Also, by employing one or more of the em- 
pirical formulas already discussed, the progress of corrosion can be 
expressed. The accuracy to -which a given equation represents the actual 
course of the corrosion process depends upon the dispersion of the data 
as indicated by the standard errors, which in turn depend upon the 
number of observ’ations and their accuracy. If it is desired to make pre- 
dictions of the performance of a pipe line buried in a given soil, it -will 
be necessary to employ some method of extrapolation. It should be 
understood that extensive extrapolation is a somewhat hazardous pro- 
cedure at best, especially -with respect to corrosion phenomena, as it 
involves not only the extension of areas and time of exposure, the effects 
of which can be approximately expressed mathematically, but also of 
changes in environment which cannot be so expressed. However, as the 
em-ironmental changes tend to counteract each other, statisticai treat- 
ment of the data results in a fairly reliable determination of what may 
be expected on the average. "What will happen in a single exposure is 
practically unpredictable. The standard error of the predicted result 
is a measure of the reliabhitj’- of the prediction and should always be 
considered along -with the prediction. 


2. EXTRAPOLATION OF DATA 

Any of the equations for the relation between pit depth and time may 
be eombmed ^th any of the equations representing the relation between 
pit depth and area. The choice of which equations should be combined 
depen^ f “ewhat on the ease with which the resulting equation can 
be apphed to the data at hand and on the precision desired for the cal- 
culations Although the use of different equations will yield different 
“ “^Feasesfte standard errors of the differences resulting 
application of different equations to a set of data indicate that 
the differences m the results may not be signiflcant. When the extra- 

ft ‘S?,Xrr MerSiceTft 

Lri +? f / 1"" important. When the extrapolations are 

la^e, the standard errors of the results are large, and large apparent 

-2STs mTaU f ® m be expected. The equations should be re- 
Ak mlnLT roughly estimatmg the corrosivity of soils and for 

Se STd hfclm ^ ^ standard error of the esti- 

fL ^ computed m order to give an indication of its reliability. 

been combK^^>P pit-depth-time equation has 

S PM^Ptt-are. equations. 

and P=^:r» (P log ^4-1), 
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in wliieli P is tlie pit depth on an area, A, at any time, T, and C, a, k, 
and n are constants derived from an analysis of the data on pit depths. 
Table 51 gives the values of these constants for 47 soils. By means of 
the equations given above, the average depth of the deepest pits on 1,000 
linear feet of 8-inch pipe exposed 30 years were calculated. By rear- 
rangement of the equations, it was possible to calculate the average 
length of pipe associated wdth a puncture in 30 years and the time 
required for an average of one puncture of the pipe wall per 1,000 feet 
of pipe. These values are also shown in table 51. As the data for pure 
open-hearth iron, wrought iron, Bessemer steel, open-hearth steel, and 
open-hearth steel containing 0.2 percent of copper were not definitely 
different, they were averaged for the calculation of the constants in 
table 51. The data for east iron were more erratic and were not used 
on this account. 

The values of ZC5.3, column 5, are the averages of maximum pit depth 
on specimens having areas of 0.4 square foot. Their exposure was 5.3 
years. The values of range between 21 and 107 mils. The values of 
the area factor, a, column 3, range from 0.08 to 0.32. The values of the 
time factor, n, column 7, range between 0 and 0.92. 

Attention is called to the values of h, a, and n in order that the reader 
may realize how greatly soils differ, and also to the standard errors of 
these values so that he can see the erratic nature of soil corrosion, even 
under conditions that are somewhat less diverse than those frequently 
encountered by pipe lines. 

In columns 11 and 15 of table 51 are shown the computed averages of 
the maximum pit depth to be expected on a group of 8-inch pipes 1,000 
feet long and 30 years old. The standard errors in columns 12 and 16 
are a measure of the variations that may be expected from the listed pit 
depths. The standard errors (Op) for the pit depths derived by Scott’s 
equation are computed by means of the equation 

(jJ=(2.3oalog J.p+(2.3a»log 


The standard errors for the pit depth derived by Ewing’s equation were 
calculated from the equation 



Og log A 
C log A+1 



.3a„ log Ty+ 



In these equations a is the standard error of the quantity indicated by 
the subscript. The other letters have the same significance as in the 
other equations. In table 51 the unit of area is 0.4 square foot and the 
unit of time is 5.3 years. The large values of the standard errors of P 
show that columns 11 and 15 indicate only the order of magnitude of 
the pit depths to be expected under the assumed conditions. 

Columns 13 and 17 show the computed average length per puncture 
for a 30-year-old 8-inch pipe line having a wall thickness of 0.322 inch. 
Columns 14 and 18 show the estimated time required for the development 
of an average of one leak per 1,000 feet on 8-ineh pipes having a wall 
thickness of 0.322 inch. It can be shown that if the extrapolation of the 
pit-depth data is large with respect to either the area exposed or the 
period of exposure, the standard error of the estimate is correspondingly 
large. As many of the computed lengths and times are very long, their 
standard errors are very great, and consequently they indicate only that 
the corresponding soils are not very corrosive. 
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Figure 18 . — Estimated maximum pit depth an 1,000 feet of 30-year-old S-inch pipe. 
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Figure 18 whicli is plotted from data in table 51, shows graphically 
the estimated maximum depth of pit on 1,000 feet of 30-year-old 8-ineh 
pipe and the standard errors of the estimates. The standard errors of 
the predictions are such that in most cases the values predicted by one 
equation fall within the averages predicted by the other, plus or minus 
once or twice its standard error. For smaller extrapolations, the results 
obtained by the two equations would of course differ less. 

Although the data in table 51 must be recognized as rough approxima- 
tions, they are of use to those interested in selecting the proper thickness 
for a pipe wall or in determining whether or not a protective coating 
should be applied. 

The relative depth of pits on pipes in different soils varies with the 
area of the exposed material and with the period of exposure. If the 
data in column 5 are compared with those in columns 14 and 18, it will 
be seen that although after 5 years of exposure the specimens in Cecil 
clay loam, soil 3, were pitted more deeply than those in Chester loam, 
soil 4, a pipe in the first-named soil would last much longer than one in 
the other soil. 

One hundred seventy-two mils has been suggested [59] as the permis- 
sible thickness for 8-inch water-supply pipe for pressures up to 250 
pounds per square inch. An examination of column 11 indicates that 
within 30 years such an unprotected pipe would average at least one 
puncture per 1,000 feet in 38 of the 47 soils. According to column 15. 
punctures on the same length would occur in 34 of the 47 soils. A good 
protective coating would of course reduce the number of punetpes. As 
supply lines frequently are readily accessible, the cost of repairing them 
may not be great, and it is quite possible that the cost of repairs would 
be less than the cost of a protective coating or of thicker pipe. The table 
therefore does not indicate that light-weight pipe would be unsatisfac- 
tory. Column 15 indicates that standard-weight steel pipe (0.322 in.) 
would develop a puncture in 14 soils and class B cast-iron pipe (0.51 
in.) in 7 soils under the same conditions. 

It already has been said that Ewing’s pit-depth-area equation prob- 
ably represents available data somewhat better than Scott’s. Table 51 
shows that Ewing’s equation results in the prediction of shallower pits, 

fewer leaks, and longer pipe life. . . -i aha ^ ^ -p 

The standard errors for the estimates of pit depths on 1,000 teet o± 
pipe at 30 years are so large, however, they indicate that the estimated 
depths are quite uncertain. It probably would be desirable to recompute 
the estimates on some basis involving less extrapolation. One engmeer 
limits his extrapolation to 40 feet of pipe. 


3. LIFE OF PIPE 

The expression ‘life of pipe” should be avoided because it has no 
eraUy accepted meaning, although the term is frequently ^ised. By 
m airing a sufficient number of repairs, a pipe may be made to last in- 
definitely, although it might he more economical to replace it. _ Figures 
19, 20, and 21 illustrate different types of repairs to steel pipe lines. 
Usually a pipe-line operator repairs or replaces badly corroded sections 
of his lines before leaks occur and so adjusts his reconditiomng program 
that the number of leaks on his lines does not increase with the age ot 
the line. Under such a policy, the life of a pipe line is the time there is 
need for the service. 
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FiGrsE 19 . — Three types of repairs on a water line. 

Bolts and washers used to close holes in larg:e diameter steel pipe. Note also corrosion of rivet 
heads and bands used to hold patches. 

Obsolescence ratlier tlian corrosion usually determines the time a pipe 
line remains in ser\nee, and tlie time required for a section of pipe to 
be punctured usually does not determine the time the pipe section will 
remain in service. This is a function not only of the depth of the deepest 
pit but of the number and depth of the other pits and the relative cost 
of repairs and replacement. 

If by ^‘life of pipe” is meant the average time required for corrosion 
to puncture a pipe wall, the answer is that it depends on the soil, the 
thickness of the pipe wall, and the area exposed, and the life of ferrous 
pipe can be estimated by means of the equations presented in the pre- 
ceding pages. The life of a single section of pipe like that of an indi- 
vidual person cannot be predicted with any degree of assurance. 

4. COMPARISON OF TEST DATA WITH DATA ON PERFORMANCE 

Much has been said about the value of experience in estimating the 
corrosivity of soils. It is difficult, however, to express experience in suf- 
ficiently quantitative terms to make the information usable in the way 
that the results of tests are used, because the conditions under which the 
data of experience are obtained are often poorly defined, and because 
observations of identical conditions are usually not numerous enough 
to permit an estimate of the standard error or reproducibility of the 
experience. When experiences are analyzed, it is often difficult to deter- 
mine their exact significance or their applicability to- some different con- 
dition. Experiences are frequently contradictory and may be the results 
of some unrecognized conditions. They should, therefore, be examined 
carefully if they are to be applied to new construction. 

As the National Bureau of Standards soil-corrosion tests were eon- 
looted with the cooperation of operators of pipe lines who furnished 
labor, it might be assumed that a comparison of 
the Bureau s data with the field experience of the cooperators would 
furnish a to the application of the results of the test to pipe-line 
corrosion. When such a comparison is attempted, however, a number of 
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difficulties are encountered. Although there are pipes in the vicinities 
of most of the test sites, their extent in the soils of the test sites can be 
determined only by extensive soil surveys. Most of the pipe lines ori^’i- 
nally carried some kind of protective coating. In many cases this coat- 
ing was very thin and imperfect, although in some instances the coatings 
were quite heavy. In certain cases the lines have been reconditioned and 
the kind of coating changed from time to time. Most pipe lines carry 


currents which tend to protect certain portions of the line at the expense 
of other portions. Pipe networks in cities are frequently affected by 
stray currents from street railways, which modify the corrosive effects 
of the soils. The connection of one variety of pipe material to another, 
such as the connection of copper, brass, lead, or galvanized steel to east 
iron, wrought iron, or steel mains, introduces additional galvanic cor- 


FieuKB 20 . — Two types of leak clamps. 
Top, home made, and bottom, commercial leak clamps. 
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rosiou The passage of a line through two different soils sets up a gal- 
vanic current The pipe that lies in the same type of soil as the test 
suecimens mav be buried deeper or shallower, and thus lie in a soil hori- 
zon that is quite different in texture, aeration, acidity, or resistivity 
from that of the specimens. The inter connection of a new pipe with an 
old one sets up a condition that may accelerate the corrosion of the 
newer line Two pipes of the same material m the same street or right- 



Figuee 21 . — (welded patch) 'method of pipe repair. 


of-wav may corrode at different rates. In many cases records of the pipe 
lines are incomplete. In other eases the owners are reluctant to disclose 
their experiences because of possible effects on the valuation of their 
lines or the rates they may be allowed to charge for amortization as 
common carriers. For these reasons and others, no general comparison 
of the test data with the conditions of pipe lines has been attempted. 
However, a few comparisons will be made where conditions are especially 
favorable for such comparisons, although in no ease are the conditions 
affecting the pipe line identical with those affecting the test specimens, 
and it is impossible to evaluate the effect of the differences accurately. 

Soil 1. Allis silt loam. — Severe corrosion of service pipes in this soil 
has been reported, but definite data are not available. Ewing's equa- 
tions indicate an average of one leak per 1,0Q0 feet of 8-inch steel pipe 
in 25 years. 

Soil 8. Fargo clay loam. — This soil is similar to much of that in the 
city of ‘Winnipeg, where severe corrosion of cast-iron water mains has 
been reported. Originally, the corrosion was attributed to stray-current 
electrolysis, but the extent of the corrosion attributable to stray currents 
has not been established. Ewing's equations indicate that in this soil 
an 8-inch steel pipe should develop in 30 years an average maximum 
pit depth of 266 mils on a 1,000-foot length. 

^ Soil 9. Genesee silt loam. — 6-inch steel line paralleling the test 
site was renewed because of corrosion after 14 years. Ewing’s equations 
indicate that this soil is not corrosive. 

Soil 15. Houston black clay. — Severe corrosion of cast iron and steel 
has been reported in this soil. Table 51 indicates that this soil is not 
very corrosive. 
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Soil 23. Merced silt loam. — ^Leaks developed on an 8-ineli steel line 
in this soil within 5 years. Table 51 shows this soil to be very corrosive. 

Soil 27. Miller clay. — Frequent leaks developed on a 12-inch line in 
this soil in abont 9 years. The data in table 28 are from observations on 
such a line in Mller clay somewhat better drained than that in which 
the specimens were buried. Emng’s equations indicate that an 8-inch 
steel pipe should average one leak per 1,000 feet in 27 years. 

Soil 28. Montezuma clay adobe. — This is said to be a very corrosive 
soil, but no specific data have been obtained. Table 51 shows this to be 
one of the most corrosive soils tested. 

Soil 29. Muck.— Water mains in the vicinity of the test site corrode 
rapidly. The corrosion was attributed to electrolysis at one time, but 
the actual cause of the corrosion has not been definitely determined. 
Table 51 shows this to be one of the most corrosive soils tested. 

Soil 32. Ontario loam,— The test site lies within a few feet of a 38- 
inch steel water main having a %-inch wall. Within 2,000 feet of the 
test site this line developed 25 leaks in 42 years. The line was protected 
by a japan varnish baked on. The length of the pipe in this soil at this 
location is 7,480 feet, in which length there were 50 leaks, or an average 
of one leak for 150 feet in 42 years. According to Scott’s pit-depth-area 
equation, the National Bureau of Standards data indicate there should 
have been an average of one leak in 5,349 feet of pipe. The formula 
of Ewing would indicate that the length per leak should be greater. 
The Bureau’s data show that in this case the soil is much less corrosive 
than experience proved it to be. However, this steel main is paralleled 
by a 36-ineh wrought-iron main having a %-inch wall which has devel- 
oped no leaks in this soil in 61 years. The difference in the two experi- 
ences is greater than the difference between the test data and experience. 

The difference in the performance of the two pipe lines may be ex- 
plained in several ways. The materials used were different, as were the 
protective coatings. It has been shown [60], in certain cases at least, 
that when a new pipe is connected to an old one, the latter is protected 
at the expense of the former. As for the difference between the results 
calculated from the tests and the leak records of the two pipe lines, it 
is obviously impossible for the experimental results to agree with both 
experiences. Most of the leaks on the steel line occurred on the top 
three-fifths of the pipe. This is rather unusual, as most cases of severe 
corrosion occur on the bottom of the line. The severe corrosion of the 
steel line may be the result of a difference in soil conditions at the top 
and the bottom of the pipe or because the coating on the top of the pipe 
was injured by the backfill. The record of these pipe lines illustrates 
very well how conditions not duplicated in a test may alter the results 
when the material tested is used in a practical way. 

Soil 35. Eamona loam. — The specimens at this site are laid adjacent 
to a 6-inch cast-iron gas main that has carried gas for 29 years without 
developing a leak in the city block containing the specimens. This block 
also contains five services, one of which served without a leak for more 
than 25 years. Another service developed a leak in 9 years. Using Scott’s 
pit-depth-area relation, the average of the maximum pit depths for 500 
feet of 6-ineh east iron is 468 mils for a period of 29 years. This indicates 
that the east-iron pipe in this soil, the wall thickness of which is 430 
mils, should have developed, on the average, one puncture per block at 
the time the information was obtained. However, the comparison of the 
field and experimental data is of doubtful value because the extent of 
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the pipe in Ramona loam has not been determined, also as the pitting 
factor for east iron is greater than for steel, the value for a should be 
less, and furthermore, east iron may be punctured by corrosion and still 
carry low-pressure gas without leaking, 

A^little additional light on the relation between the corrosion of pipe 
lines and that of short lengths of pipe is furnished by the American 
Petroleum Institute’s tests of protective coatings [61]^. Bare sections of 
pipe line were left between two coated sections. Opposite each bare sec- 
tion a 30-inch length of 3-inch pipe was placed in each trench as a control 
specimen. Table 52 shows the deepest pit on sections of the line and 
adjacent control pipes. The line pipes differed in diameter. 

Although the area of the pipe was from five to nine times that of the 
control, there is no definite relation between the pit depths on the two 
areas. Because some of the coatings on the line were rather porous, the 
pipe beneath them may have been anodic on account of differential 
aeration, and so may have protected the bare sections. The 13 sections 
were distributed along about 1,100 feet of pipe, and the difference in 
pit depths on different sections illustrates the dispersion of pit depths 
on pipe lines. However, table 28 is a much better presentation of this 
phenomenon, as it pertains to a pipe that was not coated. 

Although a review of these comparisons of test data with actual per- 
formance indicates no very close relation between the two, usually the 
soils which the test has shown to be corrosive are shown by experience 
also to be corrosive. Corrosion is affected by so many factors that it can 
scarcely be expected that any test could completely duplicate the condi- 
tions which buried metals encounter in service. Knowledge of service 
conditions is in most eases so incomplete that it would be difficult to use 
an equation that would take account of all significant field conditions 
even if such an equation could be developed. 

VII. RESULTS OF FIELD TESTS ON MISCELLANEOUS 
NONFERROUS MATERIALS 
1. COPPER AND COPPER ALLOYS 
The first copper-alloy specimens buried in 1924 in the National Bureau 
of Standards tests consisted of four high-copper cast brasses connected 
as caps to nipples of brass (Muntz metal), lead, and galvanized steeL 
The final results of these tests are reported in Research Paper RP945 
[62]. The cast caps each weighed about 150 grams (5.3 ounces). The 
nipples were cut from %-inch pipe, each having an exposed length of 
2-inches, that is, about 5 square inches. Table 53 shows the approximate 
composition of the cast caps. 


Table 53 . — Composition of cast trass caps. 


Mixture No. 

Cu 

Sn 

Pb 

Zn 

Fe 

1 

85.5 

3.5 

4.8 

6.2 

C O 1 


2 

87.0 

5.9 

1.8 

0 * 0 

7.7 



91.8 

0.1 

0.3 


4 

75.0 i 

1.4 

2.6 

20.0 

i.o 


The small size of the specimens, their irregular shapes, and the g^- 
vanic potentials and small corrosion losses combined to make precise 
results impossible and a detailed report on the specimens from each 
site seems unnecessary. Figure 22 shows the average rates oi loss tor 

® See section VIII, B for a description of the tests. 

8147S6°^8 8 




119 Circulars of ihe National Bureau of Standards 

each material on aU soils. Figure 23 permits a comparison of these losses 
\nth losses of similar materials unaffected by galvanic action. It was 
evident that the connecting of the different materials accelerated the 
corrosion of the nipples, and reduced the corrosion of the east caps. The 
intensity of the galvanic corrosion was affected by the relative areas of 



Figi'be 22. — Average rates of corrosion of cast-'brass fittings and attached nipples 

in 15 soUs, 


the anodic and cathodic parts of the combination and no generalization 
could be drawn, except that connecting two metals in the presence of 
an electrolyte tends to cause one to corrode more rapidly and reduces 
the corrosion of the other. 

^In 1926 a few copper and copper-alloy pipes and rods were buried in 
47 soils. The compositions of these materials are given in table 9. Table 
54 shows the rates of corrosion of these materials based on exposures of 
approximately 8 and 13 years. As stated in the discussion of the ferrous 
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materials, rates of corrosion change with the duration of the exposure 
and should not be used to predict corrosion for any period except that 
used in deriving the rate. However, the data in table 54 are comparable 
with each other. They show that in most soils the losses of weight durin" 
8 years were very small, and that the maximum penetration was slio'ht 



Figure 23. — Mffect of interconnecting different metals. 

The brass caps were connected to lead and galvanized iron. All the nipples were connected to 

brass caps. 

The table puts the brass alloys in too favorable a light because it does 
not show the deterioration of these materials due to dezincification or 
selective corrosion. This is recognized as copper-colored spots or areas 
on the surface of the metal and by a loss of strength, but not of form, if 
the dezincification penetrates deeply. According to McKay and Worth- 
ington [63], accidental variations in the soil solution or in the alloy 
result in concentration or galvanic cells and at the anodic area the alloy 
goes into solution, copper is then redeposited from the solution at or 
near the points where the corrosion occurred. This deposition of copper 
sets up another galvanic cell and corrosion continues to spread and to 
penetrate the alloy. The acid around the anode keeps the zinc in solution 
and it migrates into the soil. According to these authors, the most favor- 
able conditions for dezincification are a good conducting solution and a 
slightly acid condition, with the presence of oxygen. In the Bureau’s 
tests the most serious dezincification occurred in cinders that had a pH 
of 8.0 and poor aeration. Serious dezincification also occurred in Doeas 
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elar a T)Oorlr<lrained soU with a pH value of 8.3. Table 54 indicates 
that some dekucification of three high-zinc brasses occurred in all soils 
in the tests of corrosion-resistant materials. Figures 24 and 25 are photo- 
micrographs of corroded areas of two tJTies of brass showing the un- 
corroded metal and the dezincified (corroded) metal. 



FiGrRE 24 , — Yellow brass exposed 9.53 years to Sharlcey clay. 


TransTerse section shoising uneorroded metal (below) and dezincified metal (above) X 500. 


Tables 55 and 56 sliow the losses of weight and pit depths for a variety 
of copper alloys exposed for approximately 9 years to 13 soils that were 
corrosive with respect to ferrous materials. The corrosion of low-carbon 
steel in these soils is shown for comparison. The relative corrodibilities 
of the several alloys with respect to each other remain approximately 
the same except in a few soils. 

The corrosion resistance of copper has been attributed [20] to its 
nobility, that is, low solution potential and to the density of the oxide 
jSlm which forms on the surface. Sulfide and reducing conditions are 
corrosive to copper. It will be noted that the soils that are most cor- 
rosive to copper are mostly wet, organic soils. Such soils frequently 
contain bacteria which reduce sulfates to sulfides. According to Ewing* 
[29], the corrosion of copper in such soils as Docas clay is probably 
caused by differential aeration, and is stimulated by the action of chlo- 
rides. The same author attributes the corrosion of copper in such soils 
as muck and peat to organic acids that tend to dissolve the protective 
oxide film. The most corrosive condition in the Bureau’s test sites was 
in cinders (soil 67). As an analysis of a sample of these cinders from 
which the large clinkers had been removed showed 26 percent of carbon, 
it seems probable that much of the corrosion was the result of galvanic 
action between the carbon and the test specimens. Sometimes, cinders 
from completely burned coal are not corrosive. They may be inert and 
act much like sand. To permit a better comparison of the materials, 
table 57 has been prepared. It is based on the averages of data for four 
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periods of exposure ill 11 of the soils of table 56- Data for soils 63 and 
67 were omitted because of the destruction of some of the materials at 
these test sites. 



Figure 25. — Two-and-one leaded brass (leaded silicon brass) exposed 9»53 years to 

Sliarlcey Clay 


A, transverse section showing transition from uncorroded metal at left to complete dezincification 
at right, X 15 ; section showing partial dezincification, the dezincification being more severe 
at the left, X 250. 
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Table 55. Loss of weight of copper a7id copper alloys exposed for 9 years, 

[In ounces per square foot] 
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Table 5T . — Udaiive loss of weight of copper and copper alloys. 


Average of four periods of exposure, 11 soils] 



IMarerial 

Composition 

Aver- 

age 

Stand- 

ard 

devia- 

tion 

Stand- 

ard 

error 

Syi 

nboi Type 

Cu 

Zn 

Pb 




9c 

% 

% 

% 

% 

n 


. . 99.9 



100 





99.94 



144 

93 

13 




14. S 


105 

32 


H. 

.... Adciiraitv metal 

. . 71.3 

27.4 


121 

53 

8 

K. 

.... Two-aiid-one leaded brass. 67.1 

1 31.1 

O.S 

176 

176 

25 

J 


66.0 

i 33.1 

.4 

225 

229 

33 

L., 

Muntz metal 

. 60.1 

39.6 

.4 

492 

942 

136 



I ! 

Si 

Sn 




E. 


■ 97.2 

1.0 

l.S 

193 

144 

21 

\ 


. .i 9S.1 

1.0 


154 

79 

11 

b'. 


95.5 

3.2 


142 

63 

9 



i Zn 

Ni 




G. 

.... CoDper-niekei alloy 

74.5 

1 

5.0 

20.0 

104 

54 

S 


Tlie high standard errors for some materials indicate that their per- 
formance relative to copper was different at different test sites or for 
different periods of exposure. The table should be used Avith care, as 
the performance of a material under some specific conditions may be 
quite different from the average of its performance under a number of 
conditions. For example, Muntz metal corroded very little in tidal 
marshes, soils 43 and 63, but was quite unsuitable for most other corrosive 
soils. 

The copper alloy containing approximately 60 percent of copper and 
40 percent of zinc, commonly knoAvn as Muntz metal, is subject to de- 
zineifieation under several soil conditions. To determine whether or not 
the addition of arsenic to this alloy would prevent dezincification, speci- 
mens of Mimtz metal plates containing 0.08 percent of arsenic AA^ere 
added to the tests hi 1939. Unfortunately, similar plates of ordinary 
Muntz metal were not buried at the same time. This makes it neces- 
sary to compare the behavior of the new materials with that of a section 
of pipe buried 7 years preAdously. ObAdously, under these conditions 
small difference in performance may be accidental. Table 58 shoAvs the 
loss of weight and the condition of the two materials exposed for ap- 
proximately the same periods. It appears that the addition of 0.08 per- 
cent of arsenic was insufiScient to preA^ent dezincification of the brass. 

The effect of time on the rate of corrosion of nonferrous metals has 
not been examined as thoroughly as Avas done for ferrous materials. 
The loss of weight and pit depths in most soils are small, and this makes 
their accurate determhiation more difficult. In addition, the copper and 
copper-alloy specimens in the Bureau tests were exposed for shorter 
periods than the ferrous materials and the number of examinations has 
been less. In figure 26 are shoAvn the losses of weight per unit area for 
several materials in three soils. The letter identi&s the material (see 
table 57) and the number relates to the soil (table 55). The ciirA^es 
AA^ere draAvn arbitrarily and might have been draAvn differently, possibly 
with different significance. As draAvn, curA^es J58, C58, and K58 indicate 
that the materials did not begin to corrode for a considerable time after 
burial, possibly because of a temporarily protective oxide film. 
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Table 58 . — Loss of weight and maximum penetration of Muniz metal exposed 


AI, shallow metal attack, roughening of the surface but no definite pitting. 

P, definite pitting but no pits greater than 6 mils, 
s, uniform corrosion, no re^e’*enr*o 

D, selective corrosion by ■ii'/ir'.-i h-ciio:: over large areas (several square inches per square foot), 
d, selective corrosion over small areas. 

Z, Specimens destroyed by dezineification. 


ci„:i Arsenical Muntz metal , r ^ x w • . t 

(sheet) Bi Muntz metal (pipe) L 


Xo 


Expo- 

Loss of 

Maximum 

Expo- 

Loss of 

]\Ia-ximum 



sure 

weight 

penetration 

sure 

weight 

penetration 



Years 

oz/ft'^ 

l^.Sils 

Years 

oz'ft- 

Mils 

53 

Cecil clay loam 

1.91 

0.18 

P,D 

1.96 

0.19 

P.d 

00 1 

Hagerstown loam 

2.03 

.16 

P,d 

1.89 

.19 

6,d 

56 

Lake Charles clay 

1.91 

.55 

12, D 

1.99 

.14 

M,d 

oS 

Muck 

1.91 

.54 

P,D 

1.99 

.20 

P,d 

60 

Rifle peat 

1.91 

1.S7 

13, D j 

1.92 

1.73 

9,d 

61 

Sharkey clay 

1.92 

0.40 

P,D 

0.95 . 

0.16 

P.d 

62 

! Susquehanna clay 

! 1.90 

.32 

P,D 

1.93 

.33 

P.d 

63 

Tidal marsh 

1.88 

».036 

ap 

2.04 

1.41 

M 

64 

Docas clay 

1.90 

.47 

P 

1.91 

4.02 

P,D 

65 

Chino silt loam 

1.91 

.21 

P.D 

1.91 

2.43 

M,D 

66 

Mohave fine gravelly loam. . . 

1.S6 

.30 

8,d 

1.92 

b.63 

‘’P.d 

67 

Cinders 

1.90 

15.25 

122.s,D 

2.02 

Z 

Z 

69 

Houghton muck 

1.90 

0.30 

P,D 




70 

Merced silt loam 

1.90 

.28 

12,D 













Data for 3 specimens. 
Data for 1 specimen. 



DURATION OF TEST — YEARS 

Piguee 26. — Loss-of-weight-time curves for copper and copper-alloy specimens. 
See tables 55 and 57 for identification of soils and specimens. 
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A- ill the ease of the ferrous materials, the pit-depth data for the cop- 
per aiioYS are quite erratic and, because of the smaller depths and fewer 
removals, it is quite impossible to plot satisfactory pit-clepth-time curves 
from most of the data. Some of the most nearly consistent data are 
shown in figure 27. The curves indicate that there is only a slight 



PiGUEE 27—Fit’depth-time curves for several copper-alloy specimens. 

See tables 55 and 57 for identification of soils and specimens. 

tendency if any for the rate of corrosion to decrease with time. This is 
probably because of the solubility of the corrosion products. 

Somewhat more definite conclusions can be drawn after the specimens 
now in the ground have been removed, but it is improbable that the exact 
rates of corrosion of the copper-alloys can be determined from the tests 
It is e-s-ident that, with a few exceptions with respect to soil types and 
alloys such as Muntz metal, the deterioration of copper alloys exposed 
to soil is much slower than that of any of the ferrous alloys except those 
bigh m silicon, chromium, or nickel. If more specific information is de- 
sidered, new tests in which soil and other conditions are controlled much 
more closely and which include a much greater number of specimens of 
the same material in each test site must be undertaken, 

2 . LEAD 

Lead is used extensively underground in the form of water service 
pipes ^d cable sheaths. Most cable sheaths are placed in fiber, cement, 
or vitrmed-clay duets and are in contact with soil only as it is washed 
m trom manholes. Occasionally, lead cable sheaths are laid directly in 
the ground. Parkway and similar power-distribution cable is laid di- 
reetij m the earth, but in such cable the lead is surrounded by wrappings 

0 s ee tape and jute or other fiber impregnated with a bituminous 
material. 

Table 59 shows the loss of weight and maximum depth of penetration 

1 n l^ad and eommereial lead cable sheaths exposed for from 

0 years. For comparison, similar data are given for a 12-inch 
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length of 3-ineh Bessemer steel pipe (113 square inches) in the same 
soils. The area of the antimonial lead sheath was in most cases 370 square 
inches, whereas that of the commercial lead was 150 square inches. The 
duration of exposure of the lead and steel specimens in table 59 was 
somewhat different in some soils. 

Table 59 . — Loss of weight and maximum -penetration of lead cable sheath exposed 

10 to 17 pears. 


Soil 

Dura- 

Antimonial lead 
A 

Commercial lead 
H 

Bessemer steel 
M 



of 


Maxi- 


Ma.xi- 



No 

Type 


Loss of 

mum 

Loss of 

mum 

Loss of 

mum 



weight 

pene- 

weight 

pene- 

weight 

pene- 





tration 


tration 


tration 



Years 

ozfft- 

Mils 

ozjfC' 

Mils 

oz/ft- 

Mils 

1 

Allis silt loam 

11.65 

4.02 

120 + 

2.01 

112 + 

11.56 

101 

2 

Bell clay 

“15.48 

1.56 

45 

1.20 

30 

7.12 

58 

3 

Cecil clay loam 

“10.02 

0.63 

8 

0.59 

IS 

4.34 

72 

4 

Chester loam 

12.00 

1.79 

64 

2.13 

51 

6.92 

84 

5 

Dublin clay adobe 

“15.56 

3.51 

120 + 

6.66 

112 + 

S.oS 

62 

6 

Everett gravelly sandy loam . . 

“15.53 

0.37 

22 

0.26 

28 

l.SS 

20 

7 

Maddox silt loam 

16.94 

1.47 

39 

1.60 

32 

5.06 

48 

s 

Fargo clay loam 

11.76 

0.73 

12 



8.29 

111 

10 

Gloucester sandy loam 

11.95 

.89 

26 

1.05 

15 

4.94 

54 

11 

Hagerstown loam 

11.92 

.48 

36 

0.38 

15 

1.74 

81 

12 

Hanford fine sandy loam 

“15.59 

1.88 

30 

1.85 

43 

5.32 

86 

14 

Hempsted silt loam 

11.76 

2.13 

68 

0.57 

24 

4.58 

95 

15 

Houston black clay 

“10.06 

0.52 

16 

.36 

25 

8.11 

72 

17 

Keyport loam 

11.78 

.43 

36 

.33 

20 

9.65 

48 

IS 

Knox silt loam 

11.71 

.50 

20 

.18 

10 

2.40 

44 

19 

Bindley silt loam 

11.63 

1.31 

36 

.46 

15 

3.32 

60 

20 

Mahoning silt loam 

11.65 

3.54 

78 

3.12 

51 

5.99 

56 

92 

Memphis silt loam 

11.65 

1.72 

32 

1.00 

19 

7.78 

65 

24 

Merrimac gravelly sandy loam 

11.95 

0.25 

18 

0.18 

19 

1.40 

30 

25 

Miami clay loam 

11.67 

.53 

44 

.33 

28 

3.31 

57 

26 

Miami silt loam 

11.52 

.47 

22 

.21 

29 

3.77 

38 

27 

Miller clay 

“15.69 

1.37 

39 

.67 

31 

S.86 

84 

28 

Montezuma clay adobe 

9.60 

2.12 

52 

.66 

10 

15.54 

152 

29 

Muck 

“10. OS 

3.55 

14 

3.45 

34 

14.84 

119 

30 

Muscatine silt loam 

17.04 

2.28 

56 

1.04 

51 

6.91 

76 

31 

Norfolk fine sand 

“15.73 

0.37 

<6 

0.28 

15 

4.08 

66 

32 

Ontario loam 

11.66 

.59 

12 

.33 

IS 

4.15 

62 

34 

Penn silt loam 

12.00 

3.12 

120 + 

.81 

112 + 

5.31 

50 

35 

Romona loam 

“15.59 

0.19 

12 

.31 

37 

3.21 

36 

36 

Huston sandy loam 

“15.69 

.69 

17 

.48 

22 

2.58 

49 

3S 

Sassafras gravelly sandy loam . 

12.01 

.38 

14 

.30 

25 

2.23 

43 

39 

Sassafras silt loam 

12.00 

1.77 

47 

1.18 

36 

6.36 

94 

41 

Summit silt loam 

17.41 

0.77 

41 

0.50 

27 

7.03 

101 

43 

Tidal marsh 

12.02 

.51 

28 

.23 

13 

13.15 

75 

44 

Wabash silt loam 

11.61 

.82 

22 

.44 

13 

3.39 

83 

45 

Unidentified alkali soil 

11.73 

.45 

19 

.24 

23 

9.29 

98 

46 

Unidentified sandy loam 

12.00 

.98 

42 

.18 

14 

4.81 

114 

47 

Unidentified silt loam 

17.43 

1.12 

32 

.79 

30 

5.37 

48 


“ Duration of exposure for the Bessemer steel pipes was approximately 2 years longer. 


Figures 28 and 29 show the progress of the loss in weight for a few 
soils. The letters near the curves indicate the kind of lead tested, and 
the numbers are the numbers of the test sites. The two identifications 
permit the reader to determine from tables 10 and 20 the known condi- 
tions of the test. Pour of the curves indicate that the rate of corrosion 
of the lead specimens increased as the specimens became older ; two 
other curves show decreasing rates of corrosion. All of the soils involved 
are nearly neutral in reaction. The curves do not indicate the distribu- 
tion of the corrosion. Some idea of this can be gained from table 59. 
The pitting was greatest in soil No. 1 and least in soil No. 8, which 
contained some sulfates, After examining the Bureau^s data on com- 
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;:iereial lead specimens exposed from 10 to 17 years, Ewing [29] divided 
the types of corrosion as follows : No corrosion, concentrated attack, and 
uniform attack. The soil characteinsties he associated with the first class 
were high pH and high sulfates. The second type of corrosion occurred 




Figube 29.—Loss-of-weig7it-time curves for lead sheath in, different soils. 


in neutral soils, where apparently the original protective film broke down 
m spots 1 lie tliird class of corrosion occurred in reducing: soils, which 
apparently destroyed the protective film. Ewing recognized that other 

corrosion of many specimens, but the data are in- 
sufiieientto identify these factors. 

T^^^ies of lead-aUoy pipe, such as are used for water 
, were buried in 14 soils. Table 60 shows the extent of the cor- 
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rosiou of these materials after exposures of approximately 4 years. No 
material is either yorst or best in all soils. On the average" the anti- 
mouial lead is least subject to pitting. However, in the earlier tests, 
antimonial lead that contained much less antimony than the later anti- 
monial-lead specimens was inferior to eonimereial lead. The differences 
in losses or pit depths are small, and may be due to chance. More speci- 
mens remain to be removed at later dates. A point shown quite positively 
is that in many soils the pitting of lead is sufficiently deep within a few 
years to prmcture lead coatings of the usual thickness. The potential 
between lead and iron accelerates the corrosion of iron when the two 
metals are in contact in the presence of moisture. The data indicate, 
therefore, that in many soils only a very thick coating of lead would 
protect iron, and even such a coating would be unsatisfactory in a few 
soils where the rate of penetration for lead is as great as it is for iron. 


Table 60 . — Loss of weight and maximum penetration of lead pipe exposed 4 years. 


Soil ' 

Chemical lead‘d 

Tellurium lead’’ 

Antimonial lead'- 




Maxi- 


Maxi- 


Maxi- 



Loss of 

mum ’ 

Loss of 

mum 

Loss of 

mum 



weight 

pene- ! 

weight 

pene- 

weight 

pene- 




tration 


tration 


tration 



QZlft^ 

UiU 

0Z/ft“ 

Mils 

oz/Si- 

Mils 

53 

Cecil clay loam 

0.21 

12 

0.31 

20 

0.22 

10 

55 

Hagerstown loam 

.20 

26 

.28 

26 

.15 

IS 

56 

Lake Charles clay 

.45 

37 

.82 

48 

.50 

52 

58 

Muck 

2.41 

28 i 

2.80 

56 1 

2.12 

58 

60 

Rifle peat 

0.28 

15 

0.20 

10 

0.22 

dp 

61 : 

Sharkey clay 

2.21 

39 

1.75 

30 

1.75 

42 

62 i 

Susquehanna clay 

0.93 

29 

0.64 

31 

1.03 

30 

63 1 

Tidal marsh 

.015 

IS 

«.015 

U2 

0.013 

16 

64 

Docas clay 

.19 

16 

.18 

11 

.19 

1 12 

65 

Chino silt loam 

.13 

24 

.16 

16 

.21 

15 

66 

Mohave fine gravelly loam 

.10 

34 

1 

.12 

41 

.12 

15 

67 

Cinders 

12.21 

104 

13.22 

94 

4.21 

90 

69 

Houghton muck 

0.81 

15 

1.08 

12 

1-04 

7 

70 

Merced silt loam 

.12 

14 

0.15 

27 

0.14 

12 


*‘Cu. 0.056%; Bi, 0.002%; Sb, 0.0011%. 
faCu, 0.082%; Te, 0.043%; Sb, 0.0011%. 

‘=Cu, 0.036%; Bi, 0.016%; Sb, 5.31%. 

P, definite pitting but no pits greater than 6 mils. 
® Data for 1 specimen only. 


3. ZINC AND ALUMINUM 

Zinc is not used extensively for underground pipes or containers but 
is frequently used as a coating and in recent years it bas been used in 
considerable quantities as anodes for cathodic protection. For the latter 
use it is essential that it continue to corrode as it is the current associated 
with the corrosion of the zinc that protects the metal to which zinc is 
connected. 

Table 61 indicates the extent of the corrosion of two varieties of zinc 
plates exposed for approximately 4 years. Comparison of this table with 
the data on 2-year exposures [64] shows that in most soils the corrosion 
was nearly proportional to the duration of the exposure. However, in 
four soils high in salts the rate of corrosion was much less for the longer 
exposures. Comparison of the rates of corrosion of zinc and steel shows 
that steel loses weight from two to four times as fast as zinc in most 
soils during the first 4 years of exposure. The maximum penetration of 
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steel is eorrespondmgl.v sr.-aTC-r for d-year-old specimens. However, as 
the rate of corrosion decreases more rapidly for steel than for zinc, the 
ultimate rates for the two materials may be nearly the same for long 
periods of exposure. In some of the highly organic soils, zinc loses weight 



PiGUSE 30 . — Soiled (above) and diO'Cast (below) zinc buried in tumoIc (soil 58), 
in Mohave pie gravelly loam (soil 66 ), and in Sifle peai (soil 60), approosimately 
4 years each. 


faster than steel, and the penetrations of the two metals are of the same 
order. Figure 30 shows specimens of rolled and die-cast zinc exposed 
to three soils. 

Figure 31 shows the relation of the average maximum penetration to 
the duration of exposure of zinc specimens to five soils. Each point is 
based on the average of the deepest pits on each of two specimens. In 
tvm of these soils the rates of penetration appear to increase with 
the period of exposure. 
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Table 61. — Loss of weight and maximum penetration of zinc plates exposed for 

4 years. 


Soil 


Xo. 


53 

55 

56 
5S 
60 


Cecil clay loam . . . 
Hagerstown loam. 
Lake Charles clay 

Muck 

Rifle peat 


Type 


61 

62 

63 

64 

65 


Sharkey clay .... 
Susquehanna clay , 

Tidal marsh 

Docas clay 

Chino silt loam . . 


66 

67 

69 

70 


Mohave fine gravelly loam 

Cinders 

Houghton muck 

Merced silt loam 


Rolled 

zinc, Z 

Die-cast zinc, CZ 

Loss of 
weight 

Maximum 

penetration 

Loss of 
weight 

Maximum 

penetration 

oz/ft- 

Mils 

ozlfi- 

M ils 

0.62 

10 

0.54 

22 

.60 

=^8 

.61 

a20 

3.42 

^26 

4.96 

30 

5.09 

66 

6.33 

M25+(2) 

10.36 

MOO 

14.98 

125 + 

0.96 

S 

1.12 

2S 

1.24 

9 

0.60 

16 

^2.30 

34 

1.43 

24 

0.57 

IS 

2.53 

20 

.76 

36 

0.76 

16 

’^2.61 

^>28 

4.74 

124 + 

dl2.16 

MIS + (2) 

13.08 

125 + 

1.70 

10 

1.64 

36 

^1.62 

M02-}- 

^12.19 

^80 + 


a Uniform corrosion ; no reference surface left. 

^ Data for individual specimens differed from the average by more than 50 percent. 

<5 4-Indicates that 1 or both specimens punctured by corrosion from 1 side of the plate. (2) indicates 
that 1 specimen from the previous removal \vas punctured after 2 years. 

Data for 1 specimen only; the other specimen was destroyed by corrosion. 


The National Bureau of Standards obtained a few data on aluminum 
and two of its alloys exposed to only five soils. The test specimens meas- 
ured 2 by 6 inches. In some of the soils, the duralumin was completely 
converted to a greenish-white paste. Intergranular corrosion raised 
ridges and blisters, beneath which was a white powder on some of the 
specimens. The unalloyed specimens were the best of the group. Table 
62 shows the loss of weight and maximum penetration of the thin 
aluminum specimens, exposed approximately 10 years, and similar data 
on zinc and iron for comparison. None of the thin materials was satis- 
factory for use unprotected in the corrosive soils to which they were 
exposed. 


Table 62. — Loss of weight and maximum penetration of sine and aluminum exposed 

for 10 years. 


Duration of exposure 

(years) 

10 

.16 

10.08 

10.05 

10.73 

10.55 

Material 

Iden- 

tifica- 

tion 

Soil 13 

Hanford very 
fine sandy 
loam 

Soil 29 

Muck 

Soil 42 

Susquehanna 

(ilay 

Soil 43 

Tidal marsh 

Soil 45 

Unidentified 

alkali 

soil 

I 

Loss 

of 

w’eight 

1 

Maxi- 

mum 

pene- 

tra- 

tion 

Loss 

of 

weight 

Maxi- 

mum 

pene- 

tra- 

tion 

Loss 

of 

weight 

Maxi 

mum 

pene- 

tra- 

tion 

Loss 

of 

weight 

Maxi- 

mum 

pene- 

tra- 

tion 

Loss 

of 

weight 

hlaxi- 

mum 

pene- 

tra- 

tion 



ozift- 

Mils 

oz/Jt^ 

Mils 

ozjft- 

Mils 

oz//t2 

Mils 

ozIfV- 

Mils 

Sheet zinc 

Z1 

3.52 

40 

4.66 

39 

0.85 

17 

2.48 

\ 36 

*^D 

^62 + 

Cast zinc 

Z2 

3.47 

71 

5.37 

oo 

.79 

IS 

2. 38 

! 73 

9.93 

104 

Sheet zinc 

P 

1.89 

53 

3.85 

62 + 

1.06 

20 

4.85 

40 

D 

1 62 + 

Aluminum 

Cl 

0.086 

21 

D 

62 + 

0.35 

62 + 

0.18 

<6 

0.49 

46 + 

Al-Mn-alloy 

C2 

.38 

45 + 

*=0.97 

62 + 

.20 

14 

22 

13 

.33 

20 

Duralumin 

C3 

D 

D 

D 

D 

1.39 

62 + 

.15 

<6 

® . 56 

62 + 

Open-hearth iron 

A 

9.92 

125 + 

5.86 

62 

! 5.61 

70 

D 

125 + 

D 

125 4“ 

Steel +0.2% Cu 

S 

D 

62 + 

6.91 

62 + 

5.40 

59 

D 

62 + 

D 

62 + 


® D = destroyed by corrosion. 

= 1 or both specimens punctured because of corrosion. 

® Data on 1 specimen only. The other specimen was destroyed by corrosion. 

814786° 
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PiGrRE 31. HeJaf ioii of the maximum 'penetration of sino to the duration of exposure. 


4. ASBESTOS-CEMENT PIPE 

The use of asbestos-cement pipe began in Italy about 1916. Since 
that time it has been used more or less extensively in many constructions, 
in Europe and to a considerable extent in Japan. So few data on the 
effect of soils on this material are available that the Bureau’s 1941 report 
IS reproduced here in full. 

Asbestos-cement pipe is a mixture of asbestos fiber and cement. The 
pipe is built up by a continuous process on a revolving steel mandrel. 
This is a followed by a curing process. Because asbestos-cement pipe 
IS nonmetallie, it is, of eoursej not subject to galvanic corrosion, tuber- 
eulation, or electrolysis. ^ Pipe of this tv^e is manufactured largely for 
use in transmission mains and sendees where the working pressure 
ranges from 50 to 200 pounds per square inch. 

To determine whether or not asbestos-cement pipe is subject to de- 
teiioration under soil-exposure conditions, specimens were buried at 15 
test sites in 193 / , The specimens were 12 inches long and 6 inches in 
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diameter and had an average wall thiekness o£ 0.72 inch. These speci- 
mens were cut from class 150 pipe. Two specimens were removed from 
each test site at each inspection period after exposure for 2 years and 
for 4 years. In most soils, especially in the acid soils, there was some 
softening of the surface of the specimens. However, scratching several 
specimens indicated that this softening did not extend to greater depths 
than about oiie-thirty-second inch below the surface. The softening 
probably occurred only on the outer layers of the asbestos-cement sheet 
that were applied to the pipe without pressure during the manufac- 
turing process in order to facilitate the removal of the pipe from the 
press. The material immediately under the softened outer layers ap- 
peared to be of the same density as the rest of the specimen. 


Table 63 . — Ahsorption of water hy as'bestos-cement pipe. 


Soil No. 

Specimen 

No. 

Water absorption — percentage gain in weight 

1 day 

2 days 

3 days 

4 days 

1 14 days 

SPi 

SCIMENS 2 YEARS UNDERGROUND 



41 


1.64 

1.87 


.3 6.3 


68 


2.13 

2.74 




149 


1.86 

2.35 


6 76 


39 


.86 

.97 


1 56 



21 


3.08 

3.86 


7 49 

fif) 

71 


5.21 

6.26 


10.18 

fil 

12 


1.13 

1.36 


2.79 


56 


1.55 

1.81 


3.05 



63 

1 


1.50 

1.97 


4.25 

64 

111 


1.15 

1.31 


2.70 

Rn 

121 


1.58 

1.69 


66 

99 


1.11 

1.37 



67 

131 


1.00 

1.25 ! 


3.99 

69 

89 


1.96 

2.48 I 


4.42 

70 - - - 

101 


2.05 

2.40 


5.10 







SPECIMENS 4 YEARS UNDERGROUND 



67 

147 

31 

1.69 

1.75 

2.26 

2.58 


3.04 

3.80 








58 .... 

26 

2.53 

3.14 


3.57 


60 

74 






61 

13 

1 

1.37 

1.54 i 


l.SO 


62 


2.45 

3.77 i 


5.22 


6.^ 

9 






64 

119 

.82 

1.02 


1.18 


fin 

128 






66 

97 

1.85 

2.04 


2.34 


fi7 

133 

1.35 

1.77 


2.11 


69 

87 

2. 14 

2.61 


3.24 


70 

109 













UNBURIED SPECIMENS 



2 


4.73 

5.69 




3 


5.96 

7.26 









The specimens of asbestos-cement pipe removed after pposnre of 2 
and of 4 years were stored and were not subjected to physical tests until 
two years after the removal of the longer-exposed specimens, that is, 
until the specimens had been in storage for 4 and for 2 years, respec- 
tively. Then these specimens, together with five specimens which were 
obtained from the manufacturer at the same time as the others but which 
had not been buried, were subjected to several tests to be described. 
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AYhetlier they -srere affected by the long periods during which they 
were in storage cannot be determined. Before crushing and bursting 
tests were made the specimens were immersed in water for at least 48 
hours. 

(a) WATER-ABSORPTION TEST 

YTeinhed air-dried specimens were immersed in water at room tem- 
perature for 2 to 14 days, after which they were removed and wiped 
with a damp cloth and' reweighed. Y'ater absorption was expressed 
as the percentage gain in weight. The results are tabulated in table 63. 

There is no emdent consistency in the amount of water absorbed by 
the specimens as a group, or by the individual specimens buried in 
the same soil and removed during different periods. Figure 32 shows 
some of the representative curves obtained from the data. The curves 



Figtee 32 . — Ferceniage of icater ahsorlded hy asbestos-cement specimens, 

indicate that the iinburied specimens absorbed more water than did the 
buried specimens, with the possible exception of the specimen buried 
2 years in soil 60. The curves also indicate that the specimens were 
not saturated when tested. 


(b) CRUSHING TEST 

The crushing tests were made on 5%-ineh lengths of pipe prepared 
by cutting in half each specimen that had been used for the water- 
absorption tests. After being air-dried these sections were immersed 
in water for 48 hours. The tests were made by using three-edge bearings 
according to the method described in the Federal specifications for 
asbestos-cement pipe. The load was applied at a uniform rate of ap- 
proximately 1,000 pounds per minute until failure of the pipe occurred. 
In testing the specimens, the twm sections from the same specimen were 
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placed under the hydraulic jack in such a way that the parts of the 
sections receiving the maximum stress were at an angle of 90 degrees to 
each other. 

The crushing strength in pounds per linear foot for each of the sec- 
tions was calculated. The results of these tests are given in table 64 for 
the specimens exposed to the soil and for the nnexposed specimens. Jso 
ewdent correlation is shown between the values for the crushing strength 
and the age of the specimens either in individual soils or in any group 
of soils. 


Table 64 . — Results of crushing tests on the asbestos- cement S‘pecime 7 is exposed to 
various soils and on the wiexposed specimens. 


Soil No. 

Sample 

Specimens 2 years underground 

Specimens 4 years underground 

Minimum 
wall thick- 
ness 

Crushing 

strength 

Apparent 

specific 

gravity 

Minimum 
wall thick- 
ness 

Crushing 

strength 

Apparent 

specific 

gravity 




Ih per 



lb per 



/ ® 

in. 

linear ft 


in. 

linear ft 


51 

0.76 

12,160 

1.90 




1 h 

.76 

12,720 

1.90 




53 

/ a 

.72 

13,910 

1.90 

0.70 

11,400 

1.92 


1 

.72 

14,400 

1.96 

.70 

10,290 

1.90 

55 

J a 

.69 

13,200 

1.86 

.70 

12,590 

1.83 


1 ^ 

,69 

11,070 

1.78 

.70 

13,160 

1.87 

56 


.71 

12,930 

1.94 

.70 i 

12,380 

1.86 


j h 

.71 

13,350 

1.94 

.70 

12,800 

l.SS 

5S 

j a 

.71 

11,970 

1.89 

.74 

12,240 

1.84 


1 ^ 

.71 

13,550 

1.89 

.74 

12,290 

1.91 

60 

J ^ 

.70 

12,730 

1.88 

.73 

12,670 

1.91 


i ^ 

.72 

11,520 

1.82 

.73 

11,580 

1.90 

61 

/ ^ 

.73 

14,600 

1.90 

.67 

9,840 

1.99 


1 ^ 

.73 

15,270 

1.89 

.67 

9,550 

1.98 

62 

/ a 

.73 

17,060 

1.94 

.71 

12,980 

1.91 


1 h 

.73 

14,240 

1.92 

.71 

12,980 

1.90 

63 


! .77 

17,600 

1.80 

.71 

14,990 

1.92 


1 h 

, .77 

17,150 

1.86 

.71 

14,980 

1.92 

64 

j a 

.72 

15,400 

1.93 

.73 

14,640 

1.95 


1 ^ 

1 -72 

13,430 

1.96 

.73 

15,940 

2.00 

65 


J .71 

15,560 

1.92 

.73 

13,290 

1.95 


1 b 

.71 

16,400 

1.92 

.73 

13,040 

1.94 

66 

J a 

.72 

14,470 

1.95 

.69 

14,160 

l.SS 


1 b 

.72 

14,530 

1.97 

.69 

13,210 

1.87 

67 

J a 

.73 

15,900 

1.94 

.70 

11,650 

1.92 


1 b 

.73 

15,400 

1.94 

.70 

10,640 

1.83 

69 

J O' 

.70 

13,100 

1.88 

.71 

11,920 

1.86 


1 b 

.70 

11,000 

1.82 

.71 

11,540 

1.84 

70 

/ 0 

.70 

12,400 

1.91 

.73 

15,440 

2.02 


1 ^ 

.70 

13,960 

1.94 

.73 

13,080 

1.99 


UNEXPOSED SPECIMENS 


4 

f a 

h 











Average of un- 
exposed speci- 
mens ... 

1 b 













0.70 

9,940 

1.92 

.70 

10,270 

1.90 

.71 

11,840 

1.90 

.71 

10,530 

1.93 

.70 

10,640 

1.91 


(c) BURSTING TEST 

For the bursting tests the second of the pair of specimens removed 
from each test site at each inspection period was immersed in water for 
a minimum of 48 hours, and placed in the hydrostatic-pressure testing 
apparatus shown in figure 33. Internally fitting rubber cups were used 
to close the ends of the pipe. The apparatus was so designed that the 
pipe was not subjected to end compression during the test. After 
filling the pipe under test with water, the entrapped air was allowed to 
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escape, and the pressure -vras increased at an approximate rate of 10 
pounds per square inch per second until the pipe failed. The pressure 
gage emploved was calibrated before the series of tests. 

Many samples failed by a small piece splitting out at one end with 
the extension of a crack from this point along the entire length of the 
specimen. The others failed by cracking in one or two places along the 



PiGUEE 33. — Bursting-test apparatus. 


entire length of the specimen. In all but three cases, a crack went 
through a hole, inch in diameter, near one end of the specimen, 
which was useci to hold the identification tag. Here again there is no 
evident correlation between the bursting pressure and the age of the 
specimens either in individual soils or as any group of soils (see 
table 65). 


Table 65. — EesuUs of hursting tests on the ashestos-cement specimens exposed to 
the various soils and on the unexposed specimens. 



Specimen 

2 years underground 

Specimens 4 years underground 

Soil No. 

Minimum 
wall thick- 
ness along 
fracture 

Bursting 

pressure 

Apparent 

specific 

gravity 

Minimum 
wall thick- 
ness along 
fracture 

Bursting 

pressure 

Apparent 

specific 

gravity 

51 

in. 

0.71 

Ih/in.- 

1.89 

in. 

lb /in.- 


53 

.75 

1,140 

1.83 

0.71 

1,010 

1.84 

55 

.72 

1,0S5 

1.87 

.72 

1,100 

1.77 

56 

.70 

995 

2.00 

.73 

1,050 

1.84 

5S 

.73 

1,140 

1.76 

.71 

925 

1.90 

60 

.71 

1,010 

1.76 

.72 

1,165 

1.85 

61 

.71 

1,205 

1.92 

.71 

1,065 

1.94 

62 

63 

.73 

1,095 

1.97 

.70 

1,125 

1.78 

.75 

1,175 

1.84 

.74 

1,150 

1.8S 

64 

.67 

1,100 

1.98 

.74 

1,150 

1.94 

65 

.69 

935 

1.76 

.70 

1,070 

1.84 


.75 

1,215 

1.93 

.71 

1,240 

1.89 

67 

.72 

1,030 

1.86 

.73 

1,105 

1.82 

69 

.74 

1,255 

, 1.93 

.68 

1,215 

1.89 

70 

' .72 

1,155 

1.80 

.77 

1,285 

1.84 


UNEXPOSED SPECIMENS 


1 





2 




1 SS 

3 


. 73 

970 

1.93 

Average of unexposed speci- 
mens 


. 72 

968 

1.87 

1 1 
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(d) APPARENT SPECIFIC GRAVITY 

Samples from the specimens upon which the crushing and bursting 
tests had been made were dried in an oven at about 110'' C for 18 hours, 
then cooled to room temperature, and the weight of the dry sample 
determined. The samples were then immersed in water for a period of 
24 hours, and the weights in the wet condition were determined in 
air and then submerged in water. From the weights of the dry samples 
and the volume of water displaced, the apparent specific gravities of 
the specimens shomi in tables 64 and 65 were calculated. With few 
exceptions, the specific gravities of the specimens fall between the 
values 1.80 and 2.00. 


(e) COMPARISON OF DATA FROM VARIOUS TESTS 

Analysis of the data in tables 63 to 65 fails to bring out any correla- 
tion between any of the tests. The bursting- and crushing-test data for 
the specimens exposed for 2 and for 4 years do not show any evident 
differences. In some soils the 2-year specimens appear superior to the 
specimens exposed 4 years, and in other soils the reverse is true. No 
systematic differences between specimens exposed to different soil con- 
ditions can be detected. 


Tajble 66. — Condition of parlcway cable exposed 10 to 16 years. 


G =good. 

F =fair. 

B =bad. 

D = destroyed. 

M = metal attack. 
P =pitted. 


R =rusted. 

SR = slightly rusted. 

H s= 1 or more holes. 

TW =thin white corrosion product on lead sheet. 
W = white corrosion product on lead sheet. 

[All steel is zinc-coated] 


Soil No. 

Duration 
of test 

Outer 

fabric 

Inner 

fabric 

Outer 

steel 

Inner 

steel 

Lead 

sheath 


Years 






1 

11.65 

F 

G 

R 

G 

G 

0 

15.48 


G 

M 

M 

TW 

3 

10.02 

D 

F 

P 

R 

G 


15.56 

G 

G 

P 

SR 

TW 

6 

15.53 

F 

G 

P 

M 

TW 

7 ' 

16.94 

G 

G 

P 

SR 

P 

9 

15.89 

B 

G 

M 

R 

W 

10 

11.95 

D 

G 

P 

R 

TW 

12. 



G 

M 

M 

W 

16 

12.00 

D 

G 

P 

SR 

TW 

17 

15.75 

F 

G 

M 

M 

TW 

18 

11.71 

B 

G 

R 

SR 

TW 

19 

11.63 

F 

G 

R 

G 

TW 

24 

11.95 

F 

G 

G 

G 

G 

25 

11.67 

F 

G 

1 

SR 

G 

TW 

26 

15.90 

F 

G 

M 

SR 

TW 

28 

9.60 

D 

G 

P 

' P 

TW 

29 

10.08 

B 

F 

P 

G 

TW 

30 

17.04 

F 

G 

M 

SR 

TW 

31 

15.73 

B 

G 

P 

M 

TW 

32 

11.66 

D 

G 

R 

G 

TW 

34 

12.00 

F 

G 

SR 

SR 

TW 

35 

10.16 

F 

G ’ 

P 

G 

TW 

36 

15.69 

F 

G 

M 

M 

TW 

37 

12.04 

B 

G 

SR 

SR 

TW 

38 

15.82 

F 

G 

PH 

R 

TW 

39 

12.00 

F 

G 

SR 

G 

TW 

41 

17.41 

B 

G 

P 

SR 

TW 

43 

12.02 

B 

G 

R 

SR 

G 

45 

11.73 

B 

F 

R 

R 

G 

46 

12.00 

D 

G 

R 

R 

TW' 

47 

17.43 

G 

G 

Ivl 

SR 

W 
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However, the data do indicate that the asbestos-cement pipes generally 
gained strength during exposure to the soil, and that the softening 
observed on the outer layers of the specimens did not penetrate deeply. 
For only two specimens are the values for the bursting pressure less 
than the maximum value of the unexposed specimens, and in only one 
soil are both values of the crushing strength for the exposed specimens 
less than the average value of the unexposed specimens. It is probable 
that during exposure of asbestos-cement pipe to the soil, a curing 
process tabes place which tends to increase the strength of the pipe, 
but there is no indication that the pipe is any stronger after 4 years of 
exposure than after 2 years of exposure. 

5. PARKWAY CABLE 

Parkway cable consists of one or more conductors so insulated and 
protected that the cable can be laid in a trench without further pro- 
tection against moisture or mechanical injury. The cable tested con- 
sisted of "a single rubber covered copper conductor with a lead sheath. 
Over the sheath was a wrapping of fiber treated to prevent rotting. 
This was surrounded by two spiral wrappings of zinc-coated steel tape. 
Over the tape was a wrapping of jute or similar material impregnated 
with a bitumen. When bent sharply the strands of fiber would separate. 
Table 66 shows the condition of the several parts of the cable buried 
for from 10 to 17 years. In no case was the usefulness of the cable 
impaired. 


VIII. RESULTS OF FIELD TESTS ON 
PROTECTIVE COATINGS 

1. METALLIC COATINGS 
(a) ZINC 

As was shown in an earlier section, zinc corrodes under many soil 
conditions. It is a sacrificial coating first recommended for protecting 
iron by Sir Humphrey Davey [65] in 1825. 

Zinc applied by the hot-dip methods is very extensively used for the 
protection of small-diameter underground pipes, especially those used 
for water services. The coating consists of an outer layer of nearly 
pure zinc and one or more layers of zinc-iron alloy, all of which are 
anodic to iron and steel and tend to reduce the rate of corrosion of the 
base metal if small areas are exposed. 

The National Bureau of Standards included galvanized pipe in its 
1924 burials, and 2 yeara later undertook to determine whether or not 
the composition of the iron to which the zinc was applied affected its 
protective value. The results of the tests indicated that any effect of 
the differences in these base materials was too small to be shown by the 
test methods employed, and from this it may be inferred that they are 
too small to be of any importance under service conditions. 

An attempt was also made to determine whether or not the rate of 
corrosion of galvanized specimens was affected by the thickness of the 
alloy layer by testing coatings of approximately the same weight 
applied to No. 16 and No. 18 U. S. Standard Gage Bessemer sheet in 
5 soils. Because of the uncontrolled variables involved or because such 
differences in the thickness of the alloy layer as were produced did not 
greatly^ affect the protective value of the coating, no difference in the 
protective value of the two coatings was found. The determination of 
the effect of the thickness of the alloy layer requires a closer control of 
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the factors affecting corrosion than can be obtained under normal field 
conditions and it can best be solved by laboratory experiments. 

Table 67 recalculated from Research Paper RP982 [66] shows the 
corrosion of galvanized pipe and sheet exposed for approximately 10 
years to 43 soils. The losses have been recomputed as total losses" per 
scjiiare foot, as a rate implies that the corrosion is proportional to the 
time of exposure which is not true of coated metals exposed to soil. To 
show the effect of the coating, the ratio of the average loss of the 
galvanized sheets to the loss of the unprotected pipe has been computed. 
Of course this ratio is different for different soils and would change 
with the thielmess of the coating and the period of exposure. 

Figure 34, devised by Ewing, presents the data graphically. The 
length of the heavy lines or horizontal columns shows the weight of the 
coatings plotted on the same scale as the loss of weight. Along these 
columns and their extensions the condition of each specimen has been 
correlated with the loss of weight of the specimen. 


yj 


AJ 


B3 


.2 .J ^ .5 .6 .P' .s ,S / 5 6 r d 

Wei<)ht loss — ounces per square foot 

Figuee 34. — Correlation ’between losses of weight and condition of galvanised speci- 
mens as determined by inspection. 

The specimens are 10 years old. Where figures appear, they are the rates of penetration of the 
maximum pit, in mils per year. Where letters appear, they have the folloAving meanings; 

Z =: Zinc continuous over specimen. 

A = Blue or black alloy layer exposed over at least part of specimen. 

R = Rusted or bare steel exposed. 

M = Shallow metal attack ; no pit as great as 10 mils total depth. 

The heavy black lines indicate the thickness of the coating on the same scale as for the loss of weight. 

It will he noted that with few exceptions, which may possibly be 
accounted for by thin spots in the coatings, the loss of weight at which 
rusting appears corresponds closely to the weight of the coating. This 
may be interpreted as indicating that corrosion of the base metal did 
not begin until nearly all of the zinc and zinc-iron alloy had been 
destroyed. The figures along the columns are maximum pit depths. 
They start near the ends of the solid columns. It will be noted that 
the hea-\^^ double coating prevented all pitting during the 10 years of 
the test but that rusting had begun in several soils. This indicates that 
the protective value of this coating is on the average approximately 
10 years. The data do not show whether the rate of penetration of 
galvanized specimens that have begun to rust is as high as for ungal- 
vanized specimens. 
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Figure 35 from the report referred to shows in a simpler way the 
relation of pit depths to loss of weight and in addition correlates these 
data with the test-site numbers. The ratio of the pit depth to the loss 
of weight represented by the slope of the curve is proportional to the 



Figure 35. — Correlaiion detweeii rates of loss of weight and rates of penetration on 

galvanised specimens. 


pitting factor. As for the unprotected steel, this appears to differ 
^nth the soil. In the case of the data represented in figure 35 the dis- 
persion of the data may be affected by variations in the thickness of 
The galvanizing, which according to Rawdon, [67] on a sheet having an 
area of 24 square feet and an average coating thickness 2.67 ounces per 
square foot may have in places as little as 1.79 ounces per square foot 
or as much as 3.06 ounces per square foot over an area of 18 square 
inches. Table 68 shows the loss of weight and maximum penetration of 
galvanized iron pipe carrying a heavier coating exposed to 14 soils for 
4 years. A few of the test sites listed in tables 67 and 68 are identical, 
although they differ in identification numbers. The only known differ- 
ence in the coatings that may account for the much better performance 
of the older one is that it was put through the zinc bath twice. 

Ewing made an extensive study of the corrosion of gas service pipes, 
and concluded that galvanized coatings appear to have little value in 
reducing pipe replacements in congested cities and should not be recom- 
mended as a cure for corrosion of services if it is at all severe. He 
attributes the discrepancy between the performance of the older speci- 
mens in the Bureau tests and the performance of galvanized ser^uce 
pipes to electrolysis and galvanic action between the galvanized pipes 
and ungalvanized mains to which they were connected. These factors 
are undoubtedly important. It is possible, however, that the galvanized 
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specimens in table 68 more nearly represent the galvanized material in 
service. Ewing presented no data on the weight of zinc on the services 
on which he reported. He suggests that electrolysis and galvanic action 
might be reduced by insulating the service from the mains. If this is 
done, a long leakage path between the main and the service should be 
provided to avoid concentrated corrosion near the insulating point. 


Table 68. — Loss of ic eight and degth of maximum penetration of galvanised and 
hlack iron pipe exposed for 4 years. 



Soil 

Dura- 

Galvanized pipe 
3.08 oz/ft- 

Black iron 
pipe 

Condition 

No. 

Type 

tion 

of expo- 
sure 

Loss 

of 

weight 

Penetra- 

tion 

Loss 

of 

weight 

Penetra- 

tion 

of 

coating" 

53, . . 

Cecil clay loam 

Years 

4.01 

ozUl- 

1.39 

Mils 

6 

ozlft'^ 

2.86 

Mils 

98 

2 

i)0, . . 

Hagerstown loam 

3.90 

b 1 22 

8 

2.60 

50 

2 

56. . . 

Lake Charles clay 

3.99 

3.89 

7 

16.03 

104 

2 

5S . . . 

Muck 

4.01 

5.40 

b 21 

8.78 

46 

3 

60.. . 

Uifle peat 

3.98 

7.18 

12 

8.06 

38 

3 

61.. . 

Sharkey clay 

4.01 

1.46 

12 

4.99 

45 

2 

62... 

Susquehanna clay 

4.00 

2.28 

9 

4.30 

56 

2 

63.. . 

Tidal marsh 

4.01 

2.15 

10 

9.20 

38 

1 

64.. . 

Docas clay 

3.98 

1.58 

9 

5.96 

67 

2 

65. . . 

Chino silt loam 

3.99 

2.25 

6 

4.56 

59 

3 

66... 

Mohave fine gravelly loam . . . 

3.95 

3.32 

8 

12.31 

« 145H- 

2 

67. . . 

Cinders 

3.98 

5.40 

45 

d 37.03 

145-1- 

3 

69... 

Hor.ghton muck 

3.98 

3.37 

11 

3.28 

20 

3 

70... 

.' iil 

3.98 

4.52 

12 

9.72 

llS-f 

3 


a 1 = coating on more than 50% of surface. 

2 = coating on less than 50% of surface. 

3 = little or no coating remaining. 

^ Data for individual specimens differed from each other by more than 50%. 

® +■ - Hole in 1 or both specimens due to corrosion. 

^ Data for 1 specimen ; the other specimen was destroyed. 

The extent to which zinc applied to iron protects the iron after it 
has been exposed by abrasion or corrosion has been studied by several 
investigators. Mills [68] reported that by casting a zinc collar 4 feet 
long around 20-foot sections of oil-well tubing the Empire Gas & Fuel 
Co. extended the life of the tubing from 2 -weeks to more than 8 months. 
Whether this is analogous to the protection afforded by a zinc coating 
may be questioned. 

The first National Bureau of Standards soil-corrosion report [69] 
describes an experiment in which the zinc was machined off from a 
17-inch length of 2-inch galvanized iron pipe to within 2 inches of each 
end. The pipe was immersed in tap water. Bust formed on the pipe to 
within 2 inches of the galvanized surface. It has been suggested that 
the protected lengths depends on the conductivity of the electrolyte. 

The way in which a coating of zinc or an attached piece of zinc 
furnishes protection to iron has been explained in several ways. In 
some electrolytes a film of corrosion products may afford most of the 
protection. This is particularly applicable to coatings of zinc. Pro- 
tection to iron may be afforded by the action of zinc as a sacrificial 
anode. Bannister [70] has suggested that the protection afforded by 
zinc plates in a boiler is due to the absorption of oxygen by the zinc. 
Under favorable conditions zinc coatings could act similarly. Probably 
each explanation accounts for the protective effect of zinc under some 
conditions but does not account for it under others. 
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(b) LEAD 

Lead-eoated pipe specimens were buried in 41 soils in 1923-24 and 
in 15 soils in 1932. The maximum aud minimum thickness of lead on 
the 1923 specimens were 2.50 and 0.3 mils, respectively ; the correspond- 
ing values for the 1932 specimens were 2.97 and 0.5 mils. The last of 
the 1923 specimens were removed from the less corrosive soils in 1941. 
Table 69 shows comparable data for these coated specimens and for 
uneoated steel pipe exposed for somewhat longer periods. Table 70 
gives similar data for the same material exposed to more corrosive soils. 
In the latter table, corrosion is expressed in terms of rates because the 
steel specimens were exposed for somewhat longer periods. As rates 
change with the period of exposure, this is not an entirely satisfactory 
way to report corrosion. However, the table is useful for the comparison 
of the relative merits of coated aud uneoated steel after an exposure of 
approximately 10 years. 


Table 6^.— Loss of weight and depth of maximum penetration of l%Anch lead- 
coated pipe and Bessemer steel pipe exposed 16 years^ 


Soil 

Lead-coated 

Bessemer steel 

Condition 







of 



Loss of 

Penetra- 

Loss of 

Penetra- 

coating«5 


Ay pc 

weight 

tion 

weight 

tion 




02 ^fi ■ 

Mils 

oz/jl '■ 

Mils 


3 

Dublin clay adobe 

8.90 

104 

>>7.12 

50 

3 

6 

Everett gravelly sandy loam 

.36 

14 

2.03 

18 

0 

7 

Maddox silt loam 

4.42 

145 + 

5.82 

50 

3 

9 

Genesee silt loam 

'1.64 

C60 

5.80 

64 

2 

12 

Hanford fine sandy loam 

'11.32 

<128 

6.04 

72 

2 

17 

Keyport loam 

7.02 

49 

9.54 

41 

3 

24 

Merrimae gravelly sandy loam 

.77 

28 

1.79 

16 

2 

26 

; Miami silt loam 

: 1.49 

48 

4.28 

42 

2 

27 

; Miller clay 

4.13 

47 

10.14 

69 

3 

31 

Norfolk sand 

.49 

28 

3.72 

43 

1 

35 

Ramona loam 

^,14 

MO 

1.51 

8 

0 

36 

Ruston sandy loam 

1.27 

24 

4.13 

55 

3 

3S 

i Sassafras gravelly sandy loam ! 

2.17 

34 

2.30 

28 

3 

41 

! Summit silt loam i 

i 

1.27 

so 

6.87 

92 

2 


^ Lead-coated pipe buried in 1923-24. 

Bessemer steel pipe buried in 1922. 

^ Data on 1 specimen only. 

' Average of 3 specimens. 

^ Average of 4 specimens. 

® 0 = coating over entire specimen. 

1 = coating on more than 50 percent of surface. 

2 = coating on less than 50 percent of surface, 

3 = little or no coating left. 
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Table 70— Loss of lueiglit and depth of maximum penetration of l^/ 2 -inch lead- 
coated pipe and Bessemer steel pipe exposed for 10 years. 



Rates of maximum pene- 
tration (mils/yr) 


Soil 

Soil type 

Lead- 

coated 

steel 

Bare 
steel a 

Lead 
cable 
sheath a 

Lead- 

coated 

steel 

Bare 

steel 

Lead 

cable 

sheath 

1 

Allis silt loam 

0.529 

0.80 

0.173 

11.9 

5.8 

8.1 

2 

Bell clay 

.102 

.49 

.067 

4.0 

6.7 

1.8 

3 

Cecil clay loam 

.066 

.43 

.059 

3.6 

4.5 

1.4 

4 

Chester loam 

.239 

.52 

.177 

7 0 

6.8 

4.0 

5 

Dublin clay adobe 

.597 

.45 

.135 

6.9 

3.1 

3.8 

6 

Everett gravelly, sandy loam 

.096 

.08 

.025 

2.0 

1.4 

0.8 

7 

Maddox silt loam 

.207 

.37 


7 0 

2 5 


9 

Genesee silt loam 

.080 

.43 





10 

Gloucester sandy loam 

.163 

.36 

.088 

6.5 

3.2 

1.2 

11 

Hagerstown loam 

.071 

.16 

.034 

3.4 

4.9 

1.2 

13 

Hanford very fine sandy loam 

.064 






14 

Hempstead silt loam 

.036 

.39 

.049 

4.2 

7.1 

1.7 

15 

Houston black clay 

.052 

.65 

.036 

3.2 

4.4 

0 <) 

17 

Keyport loam 

.379 

.77 

.028 

4.7 

3.3 

1.7 

18 

Knox silt loam 

.046 

.23 

.016 

4.6 

3.2 

1.1 

20 

Mahoning silt loam 

.224 

.52 

.268 

5.3 

5.5 

4.1 

22 

Memphis silt loam 

.192 

.61 

.085 

7.3 

6.6 

1.2 

24 

Merrimac gravelly, sandy loam 

.033 

.12 

.015 

2.2 

2.1 

1.5 

27 

Miller clay 

.231 

.63 

.067 

5.6 

4.9 

2.4 

28 

Montezuma clay adobe 

.314 

1.75 

.069 

7.8 

15.1 

0.9 

29 

Muck 

.689 

1.61 

.343 

6.3 

12.0 

.9 

31 

Norfolk sand 

.028 

0.22 

.022 

1.5 

2.5 

.5 

32 

Ontario loam 

.072 

.32 

.028 

5.2 

4.3 

1.5 

33 

Peat 

.537 

1.22 


7.7 

8.9 


35 

Ramona loam 

.011 

0.09 

.017 

(^) 

0.4 

2.3 

36 

Ruston sandy loam 

.032 

.24 

.032 

1.8 

3.9 

1.1 

37 

St. Johns fine sand 

.202 

.58 


6.4 

5.6 


38 

Sassafras gravelly, sandy loam 

.053 

.22 

.025 

3.4 

2.5 

'’'i’.7 * 

40 

Sharkey clay 

.191 

.56 


6.2 

6.6 


41 

Summit silt loam 

.051 

.45 

.039 

5,8 

7.6 

1.5 

42 

Susquehanna clay 

.092 

.95 


4.6 

7.1 


43 

Tidal marsh 

.726 

1.47 

.019 

18.8 

8.7 

1.0 

45 

ruidentifiod alkali soil 

.198 

0.79 

.021 

9.2 

6.9 

1.7 

46 

riiMcp.iillod .'iiir.dv loam 

.033 

.37 

.015 

4.5 

8.8 

1.0 

47 

1 'nidenTified f-ik loa::! 

.184 

.23 

.122 

6.1 

2.4 

5.7 


^ Bessemer steel pipe 134 by 6 inches and commercial lead cable sheath in sheets 20^ by 33^ by 0.112 
inch removed from sites at the same time the lead-coated specimens were removed, were buried, in most 
cases, 1 or 2 years longer. The figures given are the averages from 2 specimens in the case of the steel and 

1 specimen in the case of the lead sheath. The penetration of the sheath was determined by averaging 

2 pits, each of which was the deepest on 1 side of the specimen. These pits were, of course somewhat 
deeper than would be expected on specimens of the same exposed areas as that of the pipe. 

‘'No pits. 

Table 71 gives similar data for somewhat larger and more heavily 
coated specimens exposed to other corrosive soils for 9 years. Although, 
on the whole, the lead-coated specimens showed less penetration than 
the nnproteeted steel, their performance can be considered satisfactory 
in only a limited number of corrosive soils chiefly those containing sul- 
fates. As the data on lead pipe (table 60) show that in a considerable 
number of soils the penetration is much deeper than the thickness of 
any coating of lead that has been applied commercially, it seems doubt- 
ful that lead coatings should be recommended except, perhaps, in the 
very limited number of eases where the soil is known not to attack lead. 
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Table 71 . — Loss of weight and depth of maximum penetration of lead-coated and 
steel pipe exposed for 9 years. 



Soil 

Lead-coated » ; 

CA 

Low-carbon steel 

N 

Condi- 

tion 

of 

No. 

Type 

I.oss of 
weight 

j Penetration 

Loss of 
weight 

Penetration 

coat- 
ing b 

53 

i 

Cecil clav loam ; 

oz ft - 
1.12 

Mils 

<=41 

oz/ft - 
4.09 

Mils 

59 

2 

55 

Hafferstown loam i 

0.76 

44 

3.S2 

59 

1 

56 

Lake Charles clay i 

20.73 

d 145 + (7) 

28.76 

154+ (7) 

3 

oS 

Aluek i 

i 14. So 

*^91 

16.24 

« 110 

3 

59 

Carlisle muck 

1.07 

^21 

4.70 

f 40 

1 

60 

Ride peat 

f 7.07 

50 

16.72 

ef 27 

3 

61 

i Sharkey clay i 

3.S9 

50 

5.78 

f 96 

2 

62 

Susquehanna cla 3 - 

3.64 

59 

6.65 

f 87 

3 

63 

Tidal marsh 

«3.52 i 

<=145+ i 

73 1 

f 9 . 03 

54 

2 

64 

j Docas clay 

2.10 


154 + (5, 7) 

2 

65 

' Chino silt loam 

3.22 

72 

12.86 

112 

2 

66 

. Mohave fine gravelij' loam . . . . i 

3.39 

57 

18.56 

154+ (5, 7) 

2 

67 

j Cinders i 

D 

145 + (5,7) 

h 58.39 

154+ (2, 5, 7) 

3 


a This coating was 0.00144 inch thick and contained 1 percent of tin. 

^ 1 =coating on more than 507c of surface. 

2 =ooating on less than 50% of surface. 

3 = little or no coating left, 
c Data for only 1 specimen. 

^ -f =1 or both specimens punctured. A number in parentheses after the pit depth indicates that 1 
of both specimens were punctured in pre^dous removals, i.e., (5) indicates a puncture after 5 years, etc. 
« Uniform corrosion — no refprf=‘rce surface left on pipe. 

^ Data i'lr iriii’. idu!:l ;>r)eco!‘rr..' (ii'L frrrr the average by more than 50%. 

e D =both specimens destroyed by corrosion. 

^ Data for X specimen only; the other specimen w’as destroyed, 

(c) ALUMINUM (CALORIZED) 

A ealorized eoatiug is an alloy of aluminum with the base metal [67]. 
It was developed primarily for the purpose of preventing scaling W'hen 
the metal is subjected to high temperatures. The aluminum oxide, 
which develops on the surface of ealorized materials, was. considered as a 
possible protection against soil corrosion. There are two processes of 
ealorizing. one known as the powder or dry process; the other as the 
dip. or wet, process. Specimens of pipe ealorized by each process were 
placed in seven soils in 1924. Table 72 gives the rates of corrosion of 
the ealorized specimens, together with the corresponding data for 
improteeted steel after 10 years of exposure. 

In all eases the ealorized specimens lost less weight and, with one 
exception, were pitted at a low'er rate than the unprotected pipe in the 
same soils. In five of the six soils, the powder-ealorized pipe Tvas pitted 
at a lower maximum rate than the dip-ealorized pipe, whereas in five of 
six soils the dip'eaiorized pipe lost less weight than the powder-ealorized 
pipe. ^ It is thus apparent that the powder-ealorized coating -was more 
effective in reducing pitting, although it allowed a greater loss of weight 
than the dip-calorized coating. 

The thickness of the coating on both types of ealorized pipes was 
measured in several places, by the use of the chord method,® potassium 
ferrocyanide and copper sulfate being applied to distinguish the alloy 
boundary. The thickness of the coating on both kinds of ealorized pipe 
was found to^ be reasonably uniform. The thickness of the powder- 
ealorized coating was 2 mils and that of the dip-ealorized was 11 mils. 

It is evident from table 72 that although, on the whole, ealorizing 
made t he pipe more resistant to soil corrosion, the process as applied to 

« See reference 67 for a description of ealorizing processes and the chord method. 
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Table 72.^Corrosion of calorized steel pipe exposed for approximately 10 years. 


Soil 

Soil type 

Rates of loss of 
(oz/ft Vyr) 

A'eight a 

Rates of maximum penetra 
tion (mils/yr) 



Dry 

calorized 

Wet 

calorized 

Bare 
steel b 

Dry 

calorized 

Wet 

calorized 

Bare 

steel 

13 

[ Hanford very fine sandy loam. . 

0.137 

0.087 

1.24 

3.4 

4 4 

7.3 0 

24 

28 

Merriniac gravelly, sandy loam. 

1 Montezuma clay adobe 

.019 

.437 

.013 

0.12 

1 75 

2.4 

3.2 

2.1 

29 

Muck 

.250 

.458 

I 1.39 

3.4 

7 S 

9 2 

42 

Susquehanna clay 

.453 

.OSS 

1.25 

7.0 

4.2 

9 2 

43 

TiVol 

.SGI 

.434 

1.72 

3.1 

3.4 

7.4 

45 

Wyo.) 

.712 

.184 

1.23 

3.4 

4.4 

11.9 


^ Average of 2 specimens. 

^ Rates for nrprotert'^r! Res.«omr-r steel specimens of similar area which we^e exposed, evoent in the 
of soil 13, for:; ^::;d T: e dritn fo" hare steel i:; - 3 for -pi-cira-'::;; 

6 3 'ears, there being no ;!V;.-h;..>; 5 ; for :l 


Figure 36 . — JPanoramic pictures of S-in. calorized pipe exposed approximately 

10 years. 


The specimens on the left are dry calorized; those on the right are wet calorized. The soils to 
which the specimens Avere exposed were: top, Hanford verj” fine sandy loam; center, Muck; 
bottom, Susquehanna clay. 

814786°— 48 10 
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PiGCEE 37. — Panoramic 'pictures of B-in, steel pipe exposed witTi the calorised specie- 
mefis shown in figure 36. 

Top, Hanford very fine sandy loam; center, Muck; bottom, Susquehanna clay. 
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the specimens did not prevent pitting in any soil. The rate of pitting 
and loss of weight are usually high in poorly drained, corrosive soils 
where the use of a good coating would be economical. The appearance 
of the calorized specimens from three widely different soils is shown in 
figure 36. Unprotected steel specimens exposed to the same soils for the 
same times are shown in figure 37. While these photographs have been 
selected to show the appearance of more or less typical specimens, they 
are not presented as the basis for general conclusions. 

(d) TINNED COPPER 

Table 73 shows the loss of weight and maximum penetration of tinned- 
copper tube exposed for 4 years and similar data on deoxidized copper 
pipe exposed at the same test sites for 5 other years. The table shows 
that, in general, the coating of tin temporarily reduced the rate of loss 
of weight but, in some cases at least, apparently accelerated the rate of 
maximum penetration. The coating of tin was quite thin and much of it 
had disappeared from the specimens from most of the soils. 

Table 73 . — Loss of weight and depth of maximum penetration of tinned-copper 
tubes exposed for 4 years and copper pipe exposed for 5 years. 


M, shallow metal attack as indicated by roughening of the surface. 
P, definite pitting but no pits greater than 6 mils. 

+, one or both specimens contained holes due to corrosion. 


Soil 

Tinned-copper tube 

Deoxidized copper pipe 

Condi- 

tion 

of 

coat- 
ing a 

No. 

Type 

Expo- 

sure 

Loss of 
weight 

Maximum 

penetra- 

tion 

Expo- 

sure 

Loss of 
weight 

Maximum 

penetra- 

tion 



Years 

oz/ft 2 

Mils 

Years 

oz/ft 2 

i Mils 


53 

Cecil clay loam 

4.01 

0.086 

7 

5.46 

0.15 

7 

1 

00 

Hagerstown loam 

3.90 

.11 

M 

5.20 

.14 

P 

0 

56 

Lake Charles clay 

3.99 

.36 

11 

5.44 

.51 

P 

2 

58 

Muck 

4.01 

.64 

39 

5.50 

1.56 

12 

2 

60 

Rifle peat 

3.98 

4.54 

42 

5.25 

3.82 

28 

3 

61 

Sharkey clay 

4.01 

0.32 

18 

5.50 

0.35 

23 

2 

62 

1 Susquehanna clay 

4.00 

.081 

P 

5.47 

.26 

9 

1 

63 

Tidal marsh 

4.01 

2.19 

b 14 

5.55 

2.45 

M 

3 

64 

Docas clay 

3.98 

0.22 

6 

5.22 

2.22 

9 

2 

65 

Chino silt loam 

3.99 

.12 

P 

5.26 

1.02 

10 

1 

66 

Mohave fine gravelly loam. 

3.95 

' .23 

P 

5.28 

0.75 

7 

2 

67 

Cinders 

3.98 

20.37 

! 60-1- 

5.26 

9.33 

54 

3 

69 

TTmighton mnr»k 

3 98 

•=0.23 

P 




1 

70 

Mftrnpd silt Inam 

3.98 

,074 

6 




1 










* 0 = coating present over entire surface. 

1 = coating present on more than 50% of sxirfaee. 

2 = coating present on less than 50% of surface. 

3 =little or no coating left. 

^ Uniform corrosion — no reference surface left. 

® Data for 1 specimen only. 

Aside from the question of minimum thickness required for protec- 
tion, a possible cause of failure of tinned copper in soils is the reversal 
of potential of this couple. As tin is probably anodic to copper under 
all conditions, corrosion of tin would be expected to protect copper 
eathodically in the same manner that the corrosion of zinc protects 
the underlying steel in galvanzied materials. The reversal of potential 
may be due to the formation of tin-copper alloys, which have been 
shown under certain conditions to be more cathodic than copper [71]. 
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2. BITUMINOUS COATINGS 

(a) SCOPE AND METHODS 

The National Bureau of Standards began testing pipe coatings as a 
means of preventing electrolysis about 1912 [72] and included several 
pipe coatings in its soil-corrosion tests in 1922. Each time specimens 
were buried additional samples of coatings were included. The tests 
indicated that as a means of preventing electrolysis, coatings were 
unsatisfactory, since they concentrated the current discharged when they 
failed, as most of those tested did within a short time. In the early tests 
only one bituminous coating, a cotton fabric impregnated with coal-tar 
pitch, appeared to be reasonably satisfactory, and the later develop- 
ment of better coatings makes superfluous any detailed report on the 
early Bureau tests. The Bureau's soil-corrosion investigation and cor- 
rosion losses of pipe-line operators led the American Gas Association 
and the American Petroleum Institute to employ Eesearch Associates to 
cooperate with the National Bureau of Standards in field tests of pipe 
coatings. Field tests of coatings were started by the American Gas 
Association in 1929 and by the American Petroleum Institute in 1930. 
In general, the plan of testing consisted of applying coatings to sections 
of pipe or pipe lines located in selected soils and examining the coatings 
from time to time to determine the effectiveness of the protection which 
the coatings afforded to the pipe. Pour criteria of the performance of 
the coating w’ere used: 1. Appearance of the coating with respect to 
adhesion, cracking, distortion, and other physical changes; 2, the pat- 
tern test ; 3, the eonduetance or resistance of the coating ; and 4, the 
extent of the corrosion of the protected pipe. 

Appearance: An association of coating manufacturers drew up an 
extensive code [29] for the visual inspection of coatings. This code was 
followed by both of the Eesearch Associates. The code was intended to 
yield detailed information free from any bias of the inspector. The 
amount of data called for this code is too voluminous for presentation 
to the general reader. The pattern and eonduetance tests were developed 
by Ewing [29], Scott [73], and Shepard [74]. 

Pattern test: The section of coating is washed and painted with a 
slurry of kaolin or iron-free cla^" to fill the holes, cracks, and depressions. 
Over the clay is placed a wet sheet of heavy absorbent paper, such as 
that used by plate printers as wiping paper. One manufacturer sells it 
for coating tests as ^'pinhole papers.'" Any tough, thick paper that will 
absorb a considerable quantity of water quicidy would be satisfactory. 
The paper is usually cut in lengths equal to the circumference of the 
pipe and. 1 foot wide. Its position on the pipe is marked, so that if 
desired, it can be replaced in its original position. Over the paper is 
^wrapped several layers of wet cotton flannel or outing cloth, which is 
held in place by means of a saddle made of several strips of sheet copper 
held together at the ends by cross strips. A battery and a voltmeter are 
connected betvreen the saddle and the pipe for such a time that the 
product of the voltage multiplied bj^ the time in minutes is 100. If 
patterns are to be compared, this product must be kept constant. The 
pipe must be the anode. The paper is then removed from the pipe and 
washed in a solution consisting of 7 grams of potassium ferricyanide 
per liter of water. (This is approximately equivalent to 2 tablespoonfuls 
per gallon of water.) If current has flowed from the pipe through holes 
in the coating, ferrous hydroxide will be deposited in the paper and this 
will be turned blue by the solution. The result is one or more blue spots 
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showing the location and approximate ske of the holes in the coating. 
The pattern serves as a record of the test and assists in the location of 
the pinholes if they are small. 

Conductance test: If the current and voltage are observed during the 
above test, the resistance or conductance can be computed, provided 
care is taken to avoid leakage by keeping the coating dry on either side 
of the pad. After these tests are completed, the coating is removed and 
the condition of the pipe is determined. 

(b) AMERICAN GAS ASSOCIATION TESTS 

The American Gas Association, independent coating manufacturers, 
and the National Bureau of Standards undertook field tests of coatings 
applied to short lengths of pipe. Forty-two varieties of proprietary 
bituminous coatings described in table 17 were applied by the makers of 
the coatings to 20-foot lengths of sandblasted 2-inch steel pipe at a central 
coating plant. The pipe was then cut into 2-foot lengths, and the ends 
were closed by tin cans filled with the coating bitumen. The cans served 



Figure 38 . — American Gas Association coatings 'before burial. 

to keep w’ater out of the pipe, protect the cut ends of the coatings, and 
support the specimen during shipment. Sixt}^ samples of each material 
were provided so that four could be placed in each of fifteen soils. 
The coatings were removed and examined from time to time. Three 
inspections were made, the last one when the coatings had been exposed 
for about 4 years. 
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Figure 38 shows the speciraens at one test site before burial. Figure 
39, devised by Ewing [75], is a nearly complete report of the results of 
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Figure 39, — Results of inspections of American Gas Assodatio^v coatings after exposxirc to so Is 



voider grou7id Corrosion 


149 


that coal-tar-base materials are more stable and waterproof than 
asphalt-base materials, but that a good coating could be made from 
either material, (3) that machine-applied coatings were superior to 
similar hand-applied coatings and advised against hand-application in 
the field, and (4) that any organic reinforcement in a coating is a 
weakness, especially if the bitumen is asphalt. He further advised 
against the use of any coating that would not afford some protection in 
poorly drained soils. 

(c) AMERICAN PETROLEUM INSTITUTE TESTS 

(1) Sites and CoaUngs . — The tests conducted by Ewing were prima- 
rily demonstrations of the relative usefulness of certain proprietary 
coatings. The American Petroleum Institute undertook in 1930 a series 
of coating tests intended primarily to establish the engineering prin- 
ciples that should govern the design and selection of pipe-line coatings. 
Substantially the same manufacturers cooperated as in the American 
G-as Association tests. In addition to the establishment of the engineer- 
ing principles that should govern the manufacture, selection, and appli- 
cation of pipe coatings, the planners of the Institute tests hoped to 
determine the applicability of tests of coatings, such as those made 
by Ewing, to the performance of coatings on pipe lines, and the 
applicability of the results of corrosion tests, such as the National 
Bureau of Standards was conducting, to the determination of corrosion 
of pipe lines. 

The design of a series of tests that would accomplish these purposes 
was a complicated problem, involving many variables and requiring 
many compromises among the planners, and there was some uncer- 
tainty as to the significance of the resulting data. A somewhat detailed 
description of the manner in which the tests were carried out is, 
therefore, necessary. 

Arrangements were made with 16 pipe-line operators to furnish 1,000 
feet of new or substantially new operating line, together with labor for 
taking up the pipe, applying the coatings, and relaying newly coated 
pipe. Usually, sections of line where corrosion had occurred were 
selected, but accessibility of the line and the characteristics of the soil 
were also considered. In two eases the chosen section of the line had 
been in the ground a few years and was slightly pitted. In two other 
eases the soil was so corrosive that the line owners did not wish to take a 
chance on leaks and therefore laid new pipes parallel to the operating 
ones. Parts of these new lines were connected electrically to the pipe 
lines but did not carry oil. One line carried hot oil. 

After the pipe had been carefully cleaned, a coating was applied to 
30 feet of the line by or under the supervision of the . manufacturer of 
the coating. Another manufacturer applied his coating to the next 
30 feet of the line. The next 20 feet of the line was left uncoated as a 
control, and then two other coatings were applied. The process was 
continued until half of the new pipe had been used. The other half 
was then treated similarly. Thus at each site there were two 30-foot 
sections of pipe line coated with representative samples of each coating, 
and at one end or the other of each coated section there was a section 
of bare pipe. 

A record was made of the resistivity of the soil opposite each coating 
to show the uniformity of soil conditions. The thickness of each coating 
was measured at a number of places to determine its uniformity. 
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Before tlie coated pipe was returned to the trench, the coatings were 
carefully inspected and all discovered imperfections were repaired. To 
avoid injuries to the coating, great care was exercised in returning the 
pipe to the trench and in backfilling the trench. The location of the test 
sites, the soil types, and the profile descriptions are given in Appendix 2. 

Tables 14, 15, and 16 give the descriptions of the coatings on the short 
pipe sections and on the line pipe and their characteristics. It has been 
suggested by Putnam [76] that alternating bare and coated sections of 
the line set\ip a condition of differential aeration that tended to accel- 
erate corrosion under the coatings and to make the uncoated sections 
cathodic. Such a condition would tend to make the effectiveness of the 
coatings, as indicated by the condition of the pipe, appear less than it 
would have been had the entire lines been coated with one material. 
On the other hand, any stray currents in the earth would be collected 
and discharged chiefly by the bare sections, and thus the coatings may 
have been subjected to less than normal electrical stress. Similar argu- 
ments might be applied to the comparison of the corrosion of small 
uncoated pipe with that of the bare sections. However, a careful exam- 
ination of the data does not disclose any definite evidence to support 
any of the above criticisms of the tests. This in part may be due to the 
fact that soil-corrosion data are always more or less variable. Small 
earth currents flowed in different directions at different times and 
places, and the soil conditions, as shown by earth resistivity measure- 
ments and by visual inspection, were not entirely uniform. It seems 
probable that on the whole, the tests were as well conducted as they 
could have been, and it is doubtful that another test planned in the 
light of the old one would produce better results. 

To determine whether or not the coatings applied to the lines were 
t\'pieal of their classes, and to get some idea of the relative merits of 
the various available coatings of each class, as well as to compare the 
results of tests of coatings on operating and on isolated short sections 
of small-diameter pipe, all the line coatings and all other bituminous 
coatings offered for test were applied to 2-foof sections of 3-inch boiler 
type as in the American Gas Association tests, and buried in a separate 
trench parallel to the operating- line. Three specimens of each coating 
were buried at each test site. The characteristics of these coatings are 
shown in table 16. To supplement the bare control sections of the pipe 
lines, and to provide an additional measui^-'af The uniformity of the 
soil and additional controls, as well as to study .the relative rates of 
corrosion of working lines and small sections of pipe, several 2-foot 
sections of 3-ineh bare steel pipe were buried in the pipe-line trench 
opposite the bare and coated sections of the line. The condition of the 
coatings was determined by the methods used in the American Gas 
Association tests. In the final inspection, the line pipe was marked 
ofl: into 1-foot lengths, and the depths of the five deepest pits on each 
section were measured. The American Petroleum Institute tests were 
under the direct supervision of Scott [73] who reported on the first 
three inspections of the coatings. The final report on the tests was 
prepared by K. H. Logan [61] with the advice and assistance of a 
number of men representing pipe-line operators and coating manufac- 
turers. This is by far the most extensive test of coatings ever conducted. 

The report presents a large quantity of data, wdiich permit comparing 
the coatings in a number of ways. Data are also given regarding the 
uniformity of test conditions and to enable one to judge the relative 
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merits of different criteria of coating performance. For the present 
purpose, however, it is sufficient to present data that will permit a 
comparison of the coatings on the basis of the condition of the pipe 
which the coatings were designed to protect. The following section is 
made up largely of abstracts from the final report. 

(2) Coatings Applied to Pipe Lines . — Table 74 shows for each line 
coating at each test site, the average of the deepest pit on each of 
approximately 20 one-foot sections of coated pipe, the average of the 
deepest pits on 14 one-foot sections of adjacent uneoated pipe, and the 
deepest pit on the 3-ineh control pipes buried in the same trench and 
having approximately the same area as 1 foot of line pipe. As an indi- 
cation of the uniformity of soil conditions, the resistivity of the soil 
opposite the coated and uneoated sections of the line is also given. 

In many eases the same basic coating material was used in two ways, 
for example, with and without a reinforcement or shield. Table 74 
indicates which coatings are to be compared to determine the effect of 
the reinforcement. For a more complete description of the coatings, 
see tables 14 and 15. 
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merits of different criteria of coating performance. For the present 
purpose, however, it is sufficient to present data that will permit a 
comparison of the coatings on the basis of the condition of the pipe 
which the coatings were designed to protect. The following section is 
made up largely of abstracts from the final report. 

(2) Coatings Applied to Pipe Lines , — Table 74 shows for each line 
coating at each test site, the average of the deepest pit on each of 
approximately 20 one-foot sections of coated pipe, the average of the 
deepest pits on 14 one-foot sections of adjacent uneoated pipe, and the 
deepest pit on the 3-ineh control pipes buried in the same trench and 
having approximately the same area as 1 foot of line pipe. As an indi- 
cation of the uniformity of soil conditions, the resistivity of the soil 
opposite the coated and uncoated sections of the line is also given. 

In many eases the same basic coating material was used in two ways, 
for example, with and without a reinforcement or shield. Table 74 
indicates which coatings are to be compared to determine the effect of 
the reinforcement. For a more complete description of the coatings, 
see tables 14 and 15. 
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Table 76 . — Single deepest pit on 20 feet of coated line pipe after 10 years of 

exposure. 

U = Unaffected. [In mils] 

R= Rusted. 

M = Metal attack. 

-j- =:Hole. 


Test sites * 


Coating 


symbol 






VI 








I 1 

II 

III 

IV 

V 

VH 

VHI , 

IX 

X 

XI 

XIII 

XIV 


XVI 


1. COLD APPLICATIONS 


20 


322+ 67 

91 

86 , 

322+ 87 


47 

1 










54 




2. ENAMELS 


M 

43 

69 

60 

45 

52 

231 
195 
264 
322 + 



76 

52 

89 

97 

57 ' 
84 
65 
60 



60 

70 

61 

76 

148 

36 

58 

151 


45 

16 


K 


89 



166 


N 



170 

148 

R 

R 


L 






63 








3. MASTIC 


0 


R 




R 

38 

U 


R 

U 



4. SHIELDED COATINGS 


Y 

40 

M 



F 



G 

R 

118 

211 

H 






73 


30 


97 

40 

29 

45 


126 

107 

45 

220 


120 

38 

46 

240 


53 


103 
322 + 


5. REINFORCED COATINGS 


B. . . 

12 





36 

54 



S. ... 

100 

55 



290 



202 


E. . . 

12 

19 




26 

117 

197 

103 

Z. . . 

22 

50 

183 

IS 

144 


69 

132 

80 

R... 

51 

51 

61 

67 

197 


56 



U... 

61 

39 

40 

123 

120 


126 

■76' 

70 

T. . . 

16 



40 27 

32 

38 

27 


17 


6. SHIELDED REINFORCED COATINGS 
15 I 17 I 22 M I 24 121 j Mi | 31 | Ml 11 j 124 


“ See table 19 for location of test sites. 

(3) Coatings Applied to Isolated Short Sections of SmalUDiameter 
Pipe. — The results of the tests shown in tables 77 and 78- furnish data 
on 46 coatings applied to 2-foot lengths of pipe having an outside 
diameter of 3 inches and supplement Ewing's tests on similar and 
occasionally identical coatings or coating materials. From a technical 
point of view, the data on the short lengths of pipe are of interest 
because they permit a comparison of two methods of testing coatings. 
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(4) Comparison of Results of Tests of Coatings Applied to Operating 
Lines wUli Those on Isolated Small Pipe . — Table 79 was prepared for the 
purpose of showing the relative severity of tests of coatings applied to 
pipe lines and to short isolated sections of small-diameter pipe. The data 
are from three sources : Conductance tests, pattern tests, and measure- 
ments of pit depths. The data were derived as follows : If the results 
of each of the four conductance measurements made on the line coating 
were lower than the result of the single conductance test of the coating 
on the small pipe, the number of the test site for which the comparison 
was made was placed under the heading ^dower on line.’^ If the con- 
ductance of the coating on the small pipe was lower than any of the 
four coating conductances for the coating on the line, the site number 
was placed under the heading “higher on line.” If the conduetanee of 
the coating on the small pipe was less than the conductance found by 
one test of the line coating and greater than that found by another 
test of the same coating, the site number was placed under the column 
headed “indeterminate.” The results of the pattern tests were treated 
similarly. The comparison of pit depths was based on the average of the 
depth of the deepest pit on each of about 20 one-foot lengths of coated 
pipe line and the depth of the deepest pit on the small pipe similarly 
protected. The columns under the heading “pit depths” group the test 
sites with respect to whether the averages of the maximum pit depths on 
the line beneath the coatings were less, greater, or equal to the maximum 
pit depth on the corresponding small pipes. 


Table 79 . — Comparison of results of tests of coatings applied to pipe lines and 
isolated seetions of small-diameter pipe. 


! 

t 

Thick-* 


Conductance test 




Jiess ; Lower on line 

at sites 

S 

Higher on line 
at sites j 

S 

Indeterminate 
at sites I 

2 


1. COLD APPLICATIONS 


1 

III, X 

2 

I, IV, V, VI, XIII 

o 

1 


0 i 

XIII, XIV, I, II, in, 




1 

V, VI, X 

8 


2. ENAMELS 


60 -f 

IX 

1 

II.VII.VIII, XI 

4 

TTT VT 

69- 


0 

II, III, VI, VII, XI 


V 

5S-f 

VI. xi 

9 . 

XIII, XIV 

7 

I, II, III, VII 

SO- 

vir 

1 

X, XIV . . 

2 

TTT VT 


j 


II, VIII, IX, X, XI, 






XVI 

6 



3. MASTIC 


0 SlS-t- II, III,IV 

3 


Q 

I. V, VII, VIII, IX. 
XI, XIII, XVI 1 
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Y 

s 29^ 

0 

VI, VIII, IX, X, XIII. 
I,VI 


T TV .... 

2 

F 

419i-i IX. X, XIII 

3 

2 

V. VIII, xiii, XIV, 
XVI 


G 

; 63^! VII, X 

2 

m.vm.xin.xvi.. 

4 

3 

H 

Sl"r’ \ , IX, XIV 

j i 

3 

III. IV. VI, VIII, XIII 

5 

II, V, VI, IX 

X 

4 

1 
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Table 79 . — Comparison of results of tests of coatings applied to pipe lines and 
isolated sections of small-diameter pipe — Continued. 



Thick- 

Conductance test 

bol 

ness j 

Lower on line 
at sites 

2 

1 Higher on line 

at sites 

2 

Interminate 
at sites 

2 



5. REINFORCED COATINGS 



107 -j- 

VII, XI 

2 

II, V. X . . 

3 

T TV VT TV VTV 

150 -f 

IV.; 

1 

I, XIV 

2 

TT VTT VTTT XIII V 

151 — 

V, XIV, XVI 

3 

VI, X 

2 

T TT XT XTTI IV’ 

201 + 

Ill, IV, IX, XI, XVI.. 

5 

I, ii.v.vm 

4 

vii~ xni~~ ’ ‘ ‘ • 

143 — 

Ill 

1 

II, VIII, IX, XI, XIV. 

5 

IV. V. VII 

171 + 

Ill, IX. XIII. XIV, 


I 

1 

ii.iv, vii.vrii, xi. . 


XVI 

5 

IV,VI,X, XI, XVI... 

5 

I. VHI, IX 

351 + 

XIII, VII 

2 
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230 + 

I, IV, V, XIV 

4 

39 

IX, XVI 

2 

61 

II, vni. III, XI, xm 






Sym- 'Thick-I 

bol ness Better on line 

at sites 


Pattern test 


W orse on line 
at sites 


Indeterminate 
at sites 


1. COLD APPLICATIONS 


c 

21 + 


0 


0 

I, III, IV, V, VI, VII, 
X, XIII 







s 

A 

65 + 


0 


0 

I, ii,m,iv, V, VI, X, 
xm,xiv 
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0 

II 

1 
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G 

K 
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0 
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XIII, XIV 

7 

V 

1 

M 
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0 

I, II, III, \T, VII, X, 
XI. XIV 




8 

B 
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IX, X 

2 


0 

11, in. VI. VII, vni. 
IX, XVI 







7 

0 1 

519+1 ii,xm,ix. 

3 1 

3. MASTIC 

1 IV, VII, 

2 

1 I,III,V.VIII,XI.XVl| 
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4 

H 
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XIV 

6 
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IX, XIV 

8 
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2 
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Table 79. — Comparison of results of tests of coatings applied to pipe lines and 
isolated sections of small-diameter pipe — Continued. 


Sym- 

bol 


Pit depths 

ness 

Shallower on line 
at sites 

S 

Deeper on. line 

1 at sites 

2 

Equal 
at sites 

2 



1. 

COLD APPLICATIONS 
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1 21+^ 
i 654- 
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2 
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4 
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ivi xiii 
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HI 
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The results of the tTvo methods of testing coatings, that is, on operat- 
ing pipe lines and on isolated sections of small pipe, are not strictly 
comparable for several reasons. 

1. The thickness of the coating on the line and on the corresponding 
small pip^ was not always identical, as is shown in the second column 
of table 79, in which a plus sign is placed after the thickness of the 
coatings that were thicker on the pipe line and a minus sign after the 
thicknesses of coatings that were thinner on the pipe line. 

2, The results of four or more observations are compared with the 
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result of a single observation, tbe reproducibility of wliicb cannot be 
determined. 

3. The tests were all based on some measurement of a worst condi- 
tion, and on such a basis, the tests are more severe with respect to the 
coatings on the line, because these coatings had greater areas from which 
the worst condition was selected. This statement holds for the con- 
ductance tests, although the results were expressed as conductance of 
1 square foot of coating, as the conductance was not uniform but was 
largely controlled by the conductance of some small, defective area. 
In the case of the pit depth comparisons, the area of 1 linear foot of 
line pipe ranged between 201 and 338 square inches, whereas the area 
beneath the coating on the small pipe was about 140 square inches. 

Each of the tests, therefore, would have a tendency to make the 
coating applied to the line appear to be in the worst condition even if 
the actual conditions on a unit-area coating on the two sizes of pipe 
were identical. 

This is but another way of saying that if the coating is judged by the 
worst condition found on that coating, the severity of the test increases 
with the area of the coating exposed to the test. This may be a sufficient 
explanation of the fact that table 79 indicates that, on the whole, the 
conditions of the coatings on the pipe line were worse than the condi- 
tions of the coatings on the small sections of pipe. This explanation is 
supported by the large number of cases in which the result of a test of a 
coating on a small pipe fell between the results of the four tests of the 
corresponding coating on the operating line. 

Table 79 shows that in many cases the coating on the small pipe was 
in a worse condition than the corresponding coating on the operating 
line. This condition is not confined to any one soil or coating, and there 
seems to be no correlation between the relative merits of the coatings in 
the two tests and either the character of the soil or the nature of the 
coating. Probably many of the apparent difierences in the conditions 
of the same coating under the two types of test are the results of varia- 
tions in the conditions of the soil or coating or of other accidental 
variations. This is suggested by the fact that in both the conductance 
and pattern tests a large percentage of the results falls in the inde- 
terminate classification. 

Although table 79 indicates that, in the majority of eases, the coatings 
applied to the pipe line deteriorated more than the corresponding coat- 
ings applied to small-diameter pipe, the fact that the conditions of the 
two tests were not identical prevents the conclusion that table 79 shows 
that a test of the coatings on the line is necessarily more severe than the 
other test if the exposed areas of the coatings are the same. 

A question of equal importance is whether or not the two tests place 
coatings in the same relative positions. Inasmuch as the plans for the 
tests specified that the names of the makers of the line coatings should 
not be revealed, the publication of a table comparing the results given 
in tables 75 and 78 is not permissible. However, such a table has been 
prepared for the purpose of answering the question just mentioned. 
It will be seen that tables 75 and 78 permit the arrangement of the 
coatings in order of merit on three bases: (1) percentage of unaffected 
pipe, (2) percentage of coatings that permitted the formation of pits, 
and (3) the depth of the deepest pits beneath each coating. 

When coatings were arranged in order of merit as indicated by the 
percentage of protected pipe unaffected, percentage pitted, and the 
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maximum pit depth for the two kinds of exposures, it was found that 
the three bases for comparison did not arrange the coatings in exactly 
the same order. The average range in rank for the line coatings in the 
three tests was approximately 5.4 positions, whereas the average range 
for the same coatings on the small pipe was about 3.6 positions. Table 80 
shows comparisons of the ranks of coatings on pipe lines and isolated 
pipes grouped according to their structures. The comparisons are based 
on three criteria of the condition of the pipe beneath the coating, as 
shown in tables 75 and 78. Table 80 may indicate that the line tests of 
the mi r e in f orced coatings, which in this table included cold applications, 
enamels, and a mastic, were on the whole somewhat more severe than 
the tests of these coatings on the isolated pipe, but the indications are 
not very definite. The grand totals of the results show that, although 
two ways of testing coatings yield different results Avith respect to 
ranking indradual coatings, neither method greatly favors any class of 
coatings. It seems probable that the differences in ranking by the two 
test methods are not greater than the variations in ranking resulting 
from the lack of control of the test conditions. 


T.A.BLE 80 . — Coinpanson of the ranMng of eoatings on pipe lines and 
isolated pipe. 


Test criterion 

Number of line and 
isolated coatings 
having same rank 

Number of line coatings 
ranked higher 
(better) 

Number of line coatings 
ranked lower 
(worse) 

Unrein- 

forced 

Rein- 

forced 

Shielded 

Unrein- 

forced 

Rein- 

forced 

Shielded 

Unrein- 

forced 

Rein- 

forced 

Shielded 

Percent unaffected . . . 

1 

5 

1 

1 

2 

1 

5 

0 

3 

Percent pitted 

3 

1 

1 

1 

4 

3 

3 

2 

1 

Deepest pit 

1 

3 


2 

2 

3 

4 

2 

2 

Total 

5 

9 

2 

4 

8 

7 

12 

4 

6 

Grand total 



16 



19 



22 













As the tests were conducted, the conditions were apparently more 
severe for the coatings on the line, and the results of the tests of coatings 
on the pipe lines were more dependable because of the greater number 
of observations for each coating. But these facts do not indicate that 
tests of coatings by applying them to working lines are better than 
tests of coatings on isolated sections of pipe for determining the 
relative merits of coatings if the same amount of data is obtained by 
each test. 

(5) Effect of Time on Rate of Corrosion of Coated^ Pipe. — It should 
be evident from the data presented that the production of even a few 
feet of coating that would remain continuous for as long as 10 years 
was a difficult undertaking. Data on more recent coating installations 
indicate that the problem is still difficult. Nevertheless, complete pro- 
tection of the pipe is the goal sought. A combination of a protective 
coating with cathodic protection might be more economical and more 
effective than an attempt to maintain a continuous coating. The current 
required for cathodic protection will be determined to a considerable 
extent by the conductivity of the coating. For this reason, rather than 
as a means of indicating the effectiveness of the coatings, table 81 is 
reproduced from the final report on the API tests [61]. 
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It should be pointed out that the conductivity of the coating as re- 
ported depends largely on the conductance of the solution in the pores 
and other openings, which in turn depends on the number and size of 
the openings, the thickness of the coating, and the conductivity of the 
soil solution in the openings. The data are also affected to some extent 
by the way in which the measurements were made. Those readers who 
are accustomed to think in terms of resistance rather than conductance 
can reduce the conductances to resistances by dividing the latter into 
10®. It will be seen that some of the coatings are much poorer conductors 
than others. 

It has been shown that in aerated soils the rate of penetration of bare 
iron and steel pipe decreases as the period of exposure increases. It is 
of interest to inquire whether the penetration of coated pipe is similar. 
The API tests do not answer the question positively but throw some 
light on it, 





PiGURE 40 . — jR€lati 07 i of pit depths 07 i coated pipe to duration of exposure. 

770, unprotected control pipe; TIL, unprotected line pipe; JK, asbestos-felt--reinforeed asphalt 
enamel; N, coal-tar enamel; 77, asbestos-felt— reinforced coal-tar enamel; T, aluminum-foil— 
shielded asphalt cut-back ; Z, asphalt reinforced by two layers of asphalt-saturated cotton fabric. 
See appendix 2 for description of the test sites. 

Because of the effectiveness of some of the coatings, the mild corrosive- 
ness of the soil of some of the test sites, and the lack of uniformity in 
some of the soils and coatings, many of the sets of observations did not 
yield data that definitely indicated the relation of pit depths to time. 
However, 9 of the API test sites yielded fairly satisfactory data for 3 
or more coatings, and these data have been plotted in 12 sets of curves 
[77], one of which is shown in figure 40. In these figures, pit-depth— 
time curves were shown for pipe protected by 17 types of bituminous 
coatings, which were representative of most of the coatings in use when 
the API tests were started in 1930. Each point on the curves for pro- 
teeted pipe represents the average of the depths of the deepest pit^ on 
each of two 5-foot sections of coated pipe in an operating pip^e line, 
usually a line of 8 inches in diameter. The points on the curve for the 
uncoated pipe line, UL, figure 40, are based on averages of the deepest 
pit on each of twelve 4-foot sections of uncoated pipo line. The points 
on the curve for the control pipCj UC, are based on the averages of the 
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Asphalt mastic 
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deepest pit on 24 individual 18-ineli lengths of pipe. In addition to the 
tests of coatings applied to pipe lines, the API tests included 46 varie- 
ties of coating applied to 2-foot lengths of boiler tube. These specimens 
were placed in a trench near the pipe line at each site. Only three 
specimens of each material were provided for each test site. The heavily 
coated specimens showed no pits at the first inspection. The lightly 
coated specimens in the corrosive soils were punctured at the close of 
the test. On this account, these specimens yielded few data from which 
pit-depth-time curves could be plotted. 

Figure 41 shows the data for one test site. The curves are similar to 
those for the coated line pipe. Incidentally, it is of interest to compare 
the curves for the uneoated boiler tube, UB, buried with the coatino's 
with that of the uncoated control pipe, UC, buried next to the pipe line 



TIME, YEARS 

I’lSCEE coatings allied to hoUer tube at American 

ja Co It tretroieuni Institute site, XIII.—Miller clay. 

toward coated pipes do not bend 

unprotected pine In a n corresponding curves for the 

P oiectea pipe. In a number of cases, the curves indicate that the 
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rate of pitting did not decrease as tlie exposures lengthened and in sev- 
eral cases there appears to have been a slight acceleration of the rate 
of pitting. If these curves truly represent the course of corrosion of 
coated pipe, in the long run many of the pipes that were coated would 
be punctured before the adjacent uncoated pipe. There are a consider- 
able number of cases in which at the 10-year period of inspection the 
pits on the coated pipe were deeper than those on the uncoated pipe, 
and at two sites the pipe beneath one or more of the coatings was 
punctured. 

The general dissimilarity between pit-depth-time curves for bare and 
coated pipe exposed to the same soil conditions cannot be accounted for 
by characteristics of the coatings or of the soils to which the coatings 
were exposed, because widely different coatings yielded similar curves, 
and the curves are similar for widely different soils. The curves for 
a pipe protected by a specific coating may or may not be similar in dif- 
ferent soils, and the factor that determines the shape of the pit-depth- 
time curve is not apparent from the available data. 

The results that have been presented may represent the normal be- 
ha^dor of pipe protected by coatings or abnormal conditions arising from 
the way in w^hich the tests were conducted or the way in which the data 
were treated. The alternation of coated and bare sections of pipe may 
have set up conditions of differential aeration that intensified the cor- 
rosion beneath the coatings and these conditions may have been aggra- 
vated by the exposure of additional pipe and the increased aeration of 
the soil at each period of inspection. In considering this suggestion, one 
should remember that it is the shape of the curves, that is, the change 
in curvature with time, and not the magnitude of the pit depths that 
is the topic to be considered. Comparisons of pit depths on the uncoated 
line pipe with those on the uncoated control pipe do not definitely indi- 
cate that the unprotected line pipe received cathodic protection at the 
expense of the coated pipe because of differential aeration. 

It is possible, however, that the effect of the bare sections on the coated 
sections of pipe is obscured by other phenomena and camiot be shown by 
a comparison of the bare sections of the line with the bare control pipe 
because of differences in area, soil pressure, curvature of pipe, or other 
conditions. Unless the bare sections of pipe tended to maintain the rate 
of penetration of the coated pipe and to make the pits deeper, the effect 
of the bare sections is of little importance with respect to the curves. It 
is much easier to show that because of differential aeration the bare sec- 
tions may have caused an increase in the depths of the pits on the coated 
sections than to explain how the bare sections caused the rate of pene- 
tration of the coated sections to be maintained. As the coatings became 
older, the effect of differential aeration probably decreased because of 
the increased number of holes in the coating and the greater compact- 
ness of the soil around the unprotected pipe. The results of the tests of 
the coatings applied to isolated sections of pipe parallel those for the 
coatings applied to the pipe lines and lead to the same conclusions as to 
the relation between pit depths and the age of the coatings. This indi- 
cates that the presence of the bare sections of the pipe did not exert a 
controlling effect on the pit-depth-time curves for the curves for the 
coated line pipe. 

The difference in the shapes of the pit-depth-time curves for coated 
and uncoated pipe could be explained in part at least by the assumption 
that the pits beneath the coating did not start until some time after the 
tests began. Correction of the ages of the pits for this lag in time of 
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start would jdeld curyes showing higher initial rates of penetration and, 
conseqnentlY, greater bending toward the time axis. There is no way 
of determining when the pits started, and therefore it is impossible to 
evaluate the importance of this explanation. 

The two explanations that have been outlined above attribute the 
shapes of the pit-depth-time curves for coated pipes to conditions as- 
sociated with the test rather than with the characteristics of the coatings 
tested. A second class of explanation implies that the results of the tests 
reveal tendencies which are to be expected whenever a coated pipe cor- 
rodes under certain normal conditions. In the case of coatings contain- 
ing organic materials that decay, conditions may be more favorable for 
the development of certain bacteria to which corrosion under certain 
emironmental conditions has recently been attributed [78, 79]. A pipe 
line frequently picks up and discharges currents commonly designated 
as long hue currents, and an imperfect coating may increase the current 
density of these currents at points where the coating has failed. 

The" theory of differential aeration as a cause of corrosion, which was 
mentioned in the discussion of the effect of the unprotected sections of 
the line, may also be used to explain why sustained rates of corrosion 
of coated pipes are to he expected. Rates of underground corrosion de- 
pend on two factors : the tendency of the metal to go into solution, in- 
dicated hj the potential of the corroding metal with respect to the elec- 
trohde, and the corrosion-repressing power of the corrosion products in- 
cluding those frequently termed polarization films. Both of these factors 
are influenced by the amount and distribution of the oxygen in the soil. 
It has been shown [56] that the poorer the aeration of the soil the more 
nearly constant is the rate of corrosion. It is reasonable to suppose that 
the coating reduces the accessibility of oxygen to the pipe and hence 
tends to maintain a more nearly uniform rate of pitting than on unpro- 
tected pipe. This seems to the writer to be the most reasonable explana- 
tion of the sustained rates of corrosion shown by many of the pit-depth- 
time curves. 

Since the pit-depth-time curves in figures 41 and 42 represent only 
selected data and are free-hand curves arbitrarily drawn, it is desirable 
to eliminate the personal equation involved and to examine all of the 
pit-depth data for the longest period of exposure to see whether they 
point to a similar conclusion. Several basically different comparisons of 
pit-depths on coated and uncoated pipe can be made, although each 
comparison has some objectionable feature. 

The comparison that wll be presented first is based on the data from 
which the curves were plotted. The final report [61] on the API coating 
tests shows 30 cases out of a possible 175, or about 17 percent, in which 
the average of the depth of the deepest pit on each of two 5-foot sec- 
tions of coated pipe was deeper than the average of the depths of the 
deepest pit on each of twelve 4-foot sections of unprotected pipe at the 
same site. The 30 eases comprise 12 coatings and 10 test sites. If the 
single deepest pit on a section of pipe is made the basis of comparison, 
there are 67 cases out of a possible 334 eases, or 20 percent, in which the 
deepest pit on a 5-foot section of the coated pipe was deeper than the 
deepest pit on the 4-foot section of uncoated pipe nearest to- the coated 
sectiom The 67 cases comprise 14 coatings and 12 sites. 

^ IMaximum pit depths are to some extent the results of additive com- 
binations of circumstances and are therefore less significant than aver- 
ages, as the latter tend to minimize these cumulative circumstances. 
There are 16 cases out of a possible 169, or 9 percent, in which the av- 
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erage of the depths of the deepest pit on each of approximately t^venty 
1-foot sections of the coated pipe was greater than the average of the 
depths of the deepest pit on each of about sixteen 1-foot sections of 
unprotected pipe adjacent to the coated pipe. The 16 cases comprise 7 
coatings and 8 soils, and when compared with the data previously given, 
illustrate the effect of basing comparisons on averages instead of maxi- 
mum figures. 

As the pitting of the bare sections of the line may have been influ- 
enced by the alternation of coated and uncoated sections, a comparison 
wdll next be made of the pit depths on the coated line with those on the 
adjacent lengths of isolated control pipe. There were 10 eases out of a 
possible 156, or 6 percent, in which the average of the deepest pit on 
each foot of pipe beneath a coating was greater than the average of the 
deepest pit on each of two 36-inch lengths of control pipe adjacent to 
the coating. The 10 cases involve 7 coatings and 4 soils. 

The relative slope of the pit-depth-time curves for coated and un- 
eoated pipe is more important than the relative depths of the pits at 
the close of the 10-year period of exposure. There are 83 cases in which 
measurable pits were found beneath coatings on the operating lines at 
both the third and the fourth inspection. If the maximum pit depth 
on the 5-foot coated section is divided by the average of the depth of 
the deepest pit on 4 feet of each uncoated section of pipe at the same 
site, there are 52 eases out of the possible 83 in which the quotient is 
greater for the last period of inspection than for the preceding one. In 
other words, in about 53 percent of the cases the rate of pitting beneath 
the coatings decreased more slowly than the rate of pitting of the un- 
coated pipe. This comparison is too favorable to the coatings because 
it does not take into account 52 sections of coatings that prevented 
pitting during the first four years of exposure but permitted pits to 
develop during the subsequent 6 years. 

The comparisons of pit depths on coated and uncoated line pipe tend 
to confirm the indications of the pit-depth-time curves. As the data 
for the pit-depth comparisons were derived from the same source as 
those for the pit-depth-time curves, these comparisons show only that 
the curves have been plotted correctly. Because the data presented above 
may have been affected by the interaction of the coated and uncoated 
sections of the line, the data on the short sections of isolated pipe are 
of interest, although, for reasons already explained, there are not many 
of these data. 

If all the coated pipe that developed measurable pits during both the 
4-year and 10-year periods of exposure are considered, there are 18 cases 
out of a possible 107 in which the rate of penetration was higher for 
the longer period of exposure. In other words, about 17 percent of the 
specimens to which coatings had been applied showed an increasing rate 
of pitting. There were 35 cases out of a possible 67 in which the quotient 
obtained by dividing the maximum pit depth on the coated pipe by the 
average maximum pit depth on the uncoated pipes at the same site was 
greater for the 10-year period of exposure than for the 4-year period. 
This is equivalent to saying that for 52 percent of the pipe protected 
by coatings, the maximum rate of penetration decreased more slowly 
than on bare pipe at the same site. This comparison is somewhat too 
favorable to the coatings, as no account has been taken of the pipe pro- 
tected by coatings that were punctured at the close of the lO-year period 
or of the eases where the coated pipe showed no measurable pits at the 
end of the 4-vear neriod. but did show measurable pits at the end of the 
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longer period of exposure. In a general way at least, the data for the 
coatings on the line are in agreement with those for the coatings on the 
isolated pipe. Although it is possible that the cases which indicate that 
the coatings accelerated the corrosion are accidental, the percentage of 
such cases makes this seem doubtful. The implication of the data that 
have been presented raises a serious question as to the ultimate useful- 
ness of coatings which are imperfectly applied, contain pinholes, or allow 
the pipe to become exposed because of pipe movements, soil stress, pene- 
tration by roots, or deterioration of the coating materials. 

The available data are insuffieient to justify positive and final con- 
clusions as to the explanations for the shapes of the curves that have 
been presented or as to their significance. Nevertheless, the data are 
sufficient to warrant very thoughtful consideration, as they may con- 
tain an explanation for much of the pipe-line trouble that has been 
experienced. 

The reader should of course keep clearly in mind the fact that even 
an accelerated rate of pitting on coated pipes which are not completely 
protected does not imply that the coating will not prolong the useful 
life of the pipe, as occasional leaks may be repaired at no great cost. 
The summary of the data in the final report [61] indicates quite clearly 
that even the least effective coating reduced the number of feet of pitted 
pipe and that less than 2 percent of the footage of the pipe with the most 
effective coating showed any pits. The reduction in the total number and 
average depth of pits on the coated pipe was much greater than is shown 
by the table referred to. 

The solution of the problem of pipe-line protection seems to be better 
coatings supplemented by cathodic protection to take care of the imper- 
fections that are not avoided by better materials and better application. 

(6) Conclusioiis lased on the API Tests. — The data on the conduc- 
tance of the coatings lack uniformity. Not infrequently one section of 
a coating showed many times the conductance of another section of the 
same coating at the same test site. In many cases it is difficult or impos- 
sible to determine whether this lack of consistency is the result of lack 
of uniformity in the thickness or composition of the coating, poor ap- 
plication, or of nonuniform soil conditions. The same statements are 
applicable to maximum pit depths. The important fact is that the 
amount of protection afforded by many coatings was not uniform even 
under nominally the same condition. Either the coatings as applied were 
not uniform or they lacked a sufficient factor of safety to provide against 
the variations in the exposure to which they were subjected. 

There was a general increase in the conductance of the coatings over 
that observed in 1934. This indicates that the usefulness of the coatings 
is limited with respect to time. There are individual exceptions to this 
generalization. 

As a class, the coatings that were applied cold and were not reinforced 
or shielded showed more cases of exposed pipe than did the thicker 
coatings. 

Zinc chromate and baked-on red and blue lead appear to be satis- 
factory as undercoats under the conditions to which they were subjected. 
The bond between the undercoats and the pipe was stronger than that 
between the undercoats and the coatings applied over them. These un- 
dercoats seem to have reduced corrosion, but did not afford adequate 
protection to pipe in corrosive soils. 

The number of coated pipe showing patterns was greater in 1940 
than in 1934, although some sections that showed a positive pattern in 
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1934 showed none in 1940. The pattern tests indicate a continued de- 
crease in the etfeetiveness of most coatings. 

Only four test sites were severely corrosive, as indicated by the depths 
of the pits on unprotected sections of pipe. The majority of the test sites 
were, therefore, favorable to the coatings, if pit depths are used as cri- 
teria for the effectiveness of the coatings. There is no consistent differ- 
ence between the depths of the deepest pits on uncoated sections of line 
pipe and on the micoated short pipe sections. 

On the average, the pipe under more of the coatings showed corrosion 
in 1940 than in 1934, and the maximum pit depths were greater for 
most coated sections. 

In general, there were fewer pits under thick coatings than under thin 
ones, but the depths of the pits under a thick coating were sometimes 
greater than under a thinner one. 

Because the coatings differ in many ways, it is impossible to deter- 
mine positively whether the machine-applied coatings were superior to 
those applied by hand or to determine the relative merits of coal tar and 
asphalt as protective coatings. Likewise, the data do not show clearly 
whether impregnated asbestos felt was superior to organic materials as 
a reinforcement. However, as a shield it did not deteriorate as did the 
organic materials. A layer of cement-sand mortar over an emulsion coat- 
ing was insufficient to prevent serious pitting in a corrosive soil. 

AU the coatings reduced the number of pits per unit area of surface, 
and most of the coated sections of pipe showed shallower maximum pit 
depths than occurred on the corresponding unprotected pipe. Several 
of the coatings afforded nearly complete protection to most of the sec- 
tions of pipe to which they were applied, but no coating completely 
protected all sections. 

The primary purpose of the test was to establish engineering principles 
related to the manufacture and use of protective coatings for pipe lines. 
The following are some of the facts established by the test. 

1. Many of these coatings will greatly reduce corrosion during at 
least 10 years (the period of this test), although complete protection 
from all corrosion has not been realized in corrosive and destructive soils. 

2. The effectiveness of all coatings tested decreased throughout the 
period of the test. This in most eases is the result of continued soil 
pressure and the absorption of water. There appears to be little change 
in the coating materials other than that in the organic fabrics used as 
reinforcements or shields. 

3. Shields and reinforcements should be permanent and sufficiently 
rigid to distribute soil stress and pressure due to the weight of the pipe 
over enough area to prevent the flow of the bituminous or other material 
used in the coating. 

4. Thickness of material is an important factor in coating construc- 
tion. 

5. A coating should be sufficiently rigid to withstand pressures over 
long periods and elastic enough to withstand stresses resulting from 
pipe movement and sudden changes in temperature. These requirements 
are difficult to reconcile. 

6. Under certain conditions, a coating that fails to protect at a few 
points may cause deeper pits than would have occurred on uncoated pipe 
in the same location, 

7. Many soils are only mildly corrosive, and no protective coating is 
required in them unless "the cost of a leak would be abnormally high. 

8. The economies of the general problem should be considered. 
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3. NONBITUMINOUS, NONMETALLIC COATINGS 

Among the corrosion-resistant materials buried by the National Bu- 
reau of Standards in 1932, and subsequently, were a number of speci- 
mens of newly developed nonbituminous, nonmetallic coatings, some of 
which had been applied to short sections of pipe lines. Others have not 
yet been sufficiently developed to justify such trials. The Bureau’s tests 
should be regarded as preliminary or elimination tests, as they are sub- 
ject to the limitations already discussed. It is possible that, at present, 
some of the coatings under observation are too expensive for general 
use. In a number of cases the problems of field repairs that are unavoid- 
able and the application of the coatings to joints in the line and to 
fittings have not been solved. Nevertheless, the results of the tests are 
of interest and suggest new ways of attacking the pipe-protection prob- 
lem. The coatings are described in table 12. 

(a) AFTER 9 YEARS OF EXPOSURE 

Table 82 shows the condition of the pipe beneath the coatings exposed 
for 9 years. It will be noted that the two thick rubber coatings com- 
pletely protected the pipes except at the ends where moisture got be- 


Table 82. — Condition beneath nonmetallic coatings exposed for 9 years. 

[Figures indicate depths of maidmum pits in mils] 

E, ends corroded. R, pipe rusted. 

G , ends rusted. P, definite pitting but no pits greater than 6 mils. 

H, pipe punctured, 145 -f mils. U, no corrosion. 

M, metal attack — pipe roughened by corrosion. D, pipe destroyed by corrosion. 
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neath the coating, as it might also at points where the coating on a pipe 
is injured. The porcelain enamel was nearly as good. It is probable that 
some of the corrosion reported was the result of injuries in handling 
the specimens. However, as much greater care was taken than is prae° 
tical with coatings on pipe lines, the corrosion resulting from injuries 
should not be entirely disregarded. The thick china- wood oil compound, 
AT, prevented serious pitting in all soUs. The fact that many of these 
coatings cracked and had a strong odor, and the blistering of the prim- 
ing coat indicate that the coating had deteriorated. However, because 
of its thickness, it may remain helpful by separating the pipe from the 
soil for several more years. The thin coatings (D, E, P, J, and K) 
definitely deteriorated and are probably of little further use. Most of 
these coatings showed evidence of breakdown on earlier examinations. 

(b) AFTER 4 YEARS OF EXPOSURE 

Pour of the five coatings buried in 1937 were made from Bakelite. 
The other was Koroseal. Tables 83 and 8-1 show the condition of the 
pipes beneath the coatings. Two coatings remained unaffected at one 


Table 83. — Co7idition of metal beneath Bakelite and Koroseal coating 
exposed for 4 years, 

U =No corrosion. 

R =Pipe rusted. 

= Metal attack — pipe roughened by corrosion. 

P —'Dofin’te pitting but no pits greater than 6 mils. 

E =R:n:.' ('(^rrodihi. 
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test site. Corrosion had started beneath all the other specimens. The 
failures of the Bakelite coatings were usually accompanied by blister- 
ing. The failure of the Koroseal coating is characterized by a deteriora- 
tion of the fabric to Arhieh Koroseal is applied. 

Table S4. — Summary of data on condition of coated pipe exposed for 4 years. 


[Figures in the table refer to the number of test sites. Data from specimens buried in 14 test sites except 
for F specimens, which were buried in 4 test sites. Poorer of the 2 specimens reported. ] 
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a Poor bond between pipe and coating. 


(c) AFTER 2 YEARS OF EXPOSURE 

In 1939 tvro types of coatings were buried at 14 of the test sites, and 
an additional coating was placed at four of the sites. See table 12 for 
the maker’s description of these coatings. Two specimens of each eoat- 

Table So. — Condition of coated pipe exposed for 2 years. 

M = Metal attack — pipe roughened by corrosion. 

R = Pipe justed. 

P = Definite pitting but no pits greater than 6 mils, 
r -Xo corrosion. 
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ing -n-ere removed from each test site in 1941. Table 85 sho\YS the con- 
dition of each coated pipe after an exposure of 2 j-ears. Only one speci- 
men showed no sign of corrosion. 

The lead-sulfate coating, R, blistered and became sealv. There was 
littla adhesion between the plastic coating S and the pipe. The entire 
surface of each pipe coated with the plastic rusted. Soil indented the 
coating and adhered to it. In most soils the coating appeared to have 
rotted. 

On each specimen of Thiokol-coated pipe there was a network of fine 
cracks which usually did not permit water to reach the pipe. In a num- 
ber of eases the coating w^as chipped, possibly by the formation of rust 
beneath the coating. 

IX. LABORATORY STUDIES OF CORROSION 
1. DENISON CORROSION CELL 

Denison [80, 81] has developed a corrosion cell for the study of cor- 
rosion phenomena in the laboratory. "With this cell, the behavior of vari- 
ous soils and metals can be investigated under uniform conditions of 
moisture, aeration, etc., and the current through the cell can be regulated 
at will. 

The cell consists essentially of two electrodes of the same metal sepa- 
rated by a layer of moist soil, which constitutes the electroMe. Differ- 
ential aeration of the two electrodes is brought about by making one of 
them more accessible to the air than the other, whereby the cell develops 
an internal electromotive force. It is often desirable, however, to con- 
trol the current through the cell, which is done by means of an external 
battery and variable resistance. The construction of the cell is described 
in detail in Appendix 5. In the use of the Denison cell for investigating 
corrosion phenomena, the principal measurements made are of open- 
circuit potentials, short-circuit currents and simultaneous values of cur- 
rent and potential under various conditions. 

Open-circuit potentials are measured with a potentiometer-voltmeter, 
which has the advantage that it draws no current from the circuit under 
test. Individual potentials of the anode and cathode are determined by 
using an auxiliary saturated calomel electrode connected through an 
agar-KCl bridge placed in contact with the soil through a hole in the 
bottom of the cell sho^vn in figure 87 in Appendix 5. 

Short-circuit currents are measured by means of a ^^zero-resistance’^ 
milliammeter in which the resistance of the instrument is compensated 
for by opposing the voltage drop in the instrument by an equal applied 
voltage. 

The measurement of potentials in the cell while current is flowing is 
complicated by IR drops in the circuit. If the resistances were constant 
and accurately known, the IR drops could be calculated and proper cor- 
rections could be made, or, under certain conditions, errors from this 
source could be made small by placing the tip of the reference electrode 
close to the electrode whose potential is being measured, or by placing 
the reference electrode out of the path of current flow.^ According to 
Hickling [82], however, the error resulting from inclusion of some IR 
drops in the measured potential is seldom avoided, as there always is 
present a certain surface resistance which may be due to gas evolution, 
depletion of electrolyte in the layer in contact with the electrode, or, 
in the ease of the anode, to a poorly conducting film. Wholly apart from 
the error due to the resistance of films, the high resistivity of soils 
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renders tlie measurement of potentials particularly difficult. Further- 
more, marked variation of resistance with current may occur. The above 
methods are not readily applicable to the Denison cell. 

Errors due to these unknovm and variable IK, drops can be practically 
eliminated by using a method developed by Hickling [82] and adapted 
to the Denison cell by Darnielle [83]. In this method, the current is 
periodically interrupted for very short intervals of time, and the poten- 
tials are measured during the period of interruption. If the interval 
of interruption is too long, the potential of a polarized electrode will 
change during the measurement, so that the observed value will not cor- 
respond to the potential existing while the current is flowing. The ad- 
vantage of the Hickling method is that the time during which the current 
is interrupted can be made very short (of the order of 10“^ seconds), 
so that errors due to depolarization are very small. Details of the 
method are given in Appendix 6. 

Prom data obtained with the corrosion cell, various relationships and 
critical values can be determined which appear to be related to the type 
of control, the rate of corrosion, the relative corrosiveness of different 
soils, and the relative resistance to corrosion of different metals. The 
principal relationships which have been useful in this connection are 
represented by current density-potential curves and potential-time 
curves. 

The rate of corrosion of steel under many soil conditions appears to 
be controlled chiefly by the rate at which the cathodic areas are de- 
polarized. In fact, in the absence of conditions which favor the forma- 
tion and development of protective anodic films or of corrosion products 
in immediate contact with the corroding area, the progress of corrosion 
in soils is probably determined by the rate of the cathode reaction. Cor- 
rosion under such conditions is said to be under cathodic control. On 
the other hand, if a more or less protective film develops on the anode, 
the rate of corrosion tends to be controlled by the reaction at the anode 
and the corrosion is then said to be under anodic control. The type of 
control under which corrosion proceeds, that is, whether anodic or 
cathodic has been shown by Bannister and Evans [84], Burns [85], 
and Brown and Meats [86] to be indicated by the relation between the 
current (or current density) and the potential of the anode and cathode 
of a corroding specimen. Current density-potential curves that are 
t}i)ieal of cathodic control are shown in figure 42. It will be seen that 
the change in the cathode potential with increasing current density is 
much greater than the corresponding change in anode potential. This 
is particularly well illustrated by the curve for soil 57. A current density 
of 17 ma/dm- raised the potential of the anode by only 0.05 volt, wffiereas 
the potential of the cathode was lowered by 0.20 volt. Curves for metals 
corroding under anodic control show that the change in potential with 
increasing current density is greater for the anode than for the cathode. 

If it were not for the high internal resistance of the cell, which limits 
the value of the current on short circuit, the rate of corrosion could be 
determined simply by measuring the short-circuit current at a suitable 
stage of corrosion. It is preferable, however, to eliminate the effect of 
resistance. This is accomplished by making use of the current density- 
potential curves. As the current density is increased, the potentials of 
the anode and cathode approach the same value. At the point where the 
two curves intersect, the cell is completely polarized, the internal po- 
tential difference is zero and the applied electromotive force just balances 
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the internal IR drop. The potential of the electrodes at this point is 
kno%\Ti as the corrosion potential. The associated current density is the 
limiting value for the particular combination of soil and electrodes and 
corresponds to the current for the maximum rate of corrosion. The in- 
terpretation of current-density-potential curves as indicative of rate 
of corrosion has been discussed by Evans [87], Evans and Hoar [88], 
Burns [85], and others. 



Current Density — mo/dm“ 

I^iGUBE 42. — Current-density— potential curves. 


Metals such as stainless steel, lead, copper and copper alloys, whieli 
tend to form protective oxide films in soils, develop only small potential 
differences and as sneh a cell has a high resistance only a negligible cur- 
rent flows between the electrodes. Under these conditions, the corrosion 
is due almost entirely to local cell currents and obviously the short-cir- 
cuit current would not be sufScient to account for the observed corrosion. 
If it were not for local action, it should be possible to stop corrosion at 
the anode by opposing to the potential difference developed internally 
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an external electromotive force just sufficient to prevent current from 
fiomug a-way from the anode. However, in order to completely suppress 
the local action, which is the principal cause of corrosion in the cell when 
on open circuit, it is necessary to apply a greater electromotive force so 
that current flows into the anode. The minimum value of current re- 
quired to protect the electrode from corrosion is called the protective 
current. 

The local-ceU theory of Muller [89] indicated that, with cathodic 
control, the protective current should be equal to the corrosion current. 
Other investigators have shown that the protective current is equal to 
the corrosion current under certain conditions. For example, Gatty and 
Spooner [90] found good agreement between values which they obtained 
for the “critical,” that is, protective, current for copper in dilute sul- 
furic acid and in neutral salt solutions and the currents calculated from 
data available in the literature on corrosion under similar conditions. 
According to Mears [91] the amount of current required to prevent 
corrosion is equal to the corrosion current only if the corrosion reaction 
is completely determined by oxygen diffusion, that is, by cathodic control. 

Evans, Bannister, and Britton [92], working on the current-potential 
relation of various metals when made cathodic in an aerated solution 
of 0.1 N potassium chloride, found that, at current densities below the 
minimum value required to protect the metals cathodically, the potential 
of the cathode remained unchanged as the current density was increased. 
At current densities greater than the protective value, the potential of 
the cathode increased logarithmically. This behavior may be explained 
by assuming that the plate was originally made up of anodic and cathodic 
areas and that the latter were covered by a high-resistance film. Cur- 
rent therefore flowed only to the anodic areas until they were destroyed 
by the neutralizing of the local currents, after which the entire plate 
becomes cathodic. Ewing [93] has utilized this principle for determin- 
ing the protective current by plotting the potential of the cathode against 
the logarithm of the applied current. 

2. BEHAVIOR OF STEE’L IN VARIOUS SOILS 

Denison and Darnielle [94] , using the corrosion cell, have investigated 
the beha^flor of steel in various soils when it corroded under cathodic 
control. Measurements of the corrosion potential were made at intervals 
during a period of 2 weeks. During the test period, the cells were kept 
on short-circuit and maintained at a temperature of 25°±:0.5°C. The 
moisture content of the soils was maintained constant by placing the 
cells in separate friction-top cans in which a small quantity of water 
was placed in such a way that it did not come into direct contact with 
the cells. 

Tj^ieal corrosion-potential-time curves are shown in figure 43. It 
will be observed that after the first few days the corrosion potential 
became practically constant. In a few soils, a slight regular increase in 
the corrosion potential was noted even at the end of the test period. This 
is attributed chiefly to the fact that the potential of the cathode tends to 
become more positive with time. In all the soils studied, the corrosion 
potential was more positive than the open-circuit potential of the anode. 
Brown and Mears [86] have pointed out that the potential of a galvanic 
couple emi be identical with the open-circuit potential of the anode only 
if there is no anodic polarization. The fact that in many soils the polari- 
zation curve for the cathode is very flat causes the potential of the short- 
circuited electrodes to become more cathodic, 
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Typical results of measurements of open-circuit potentials of the 
anode and catliode over a test period of 2 weeks are shown in figure 44. 
The marked change in the potential of the cathode (which becomes more 
positive) indicates that the potential of that electrode tends to approach 
the potential of the oxygen electrode in the particular environment. 
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Time — days 

PiGUBE 43. — IteJatio 7 i 'between' corrosion potential and time. 


The reason the latter potential is not reached is that imperfections in 
the protective oxide film expose the underlying metal. During the initial 
period of exposure, anodic areas develop on the perforated electrode as 
well as on the solid disk. As the solid disk is less accessible to air, the 
areas surrounding the points of attack on the disk soon become eath- 
odically polarized. As a consequence, current leaving the anodic area 
on the solid disk flows to the perforated disk, where, because of the rela- 
tively greater concentration of oxygen, cathodic polarization is less. The 
extension of the cathodic areas on the perforated disk diminishes the 
number of anodic areas because the eathodically produced OH ions in 
the presence of oxygen precipitate ferric hydroxide in immediate contact 
with the corroding areas and thereby effect repair of the film. 
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In addition to the measurement of potential, daily observations of 
the short-circuit current of the cells were made. The masimum current 
developed usually within 18 to 24 hours, although in a few cells the cur- 
rent increased gradually for a week or longer. 



■ " 6 8 10 12 14 

Time — days 

PiGUEE 44. — Fote-ntial-time curves for the anode and cathode. 

In order to correlate the results of the various electrical measurements 
with the corrosion, the loss of weight of the anodes was determined. The 
results are summarized in table 86, in which the soils are arranged in 
the descending order of their corrosiveness as indicated by the loss of 
weight during the 2-week test period. It can be seen that there is a 
rather definite correlation between the loss of weight and either the cur- 
rent at corrosion potential or the maximum short-circuit current. The 
ratio between these two currents is fairly constant in soils of low resis- 
tivity, and tends to increase in soils of higher resistivity, as would be 
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expected. The correlation between the maximum short-circuit current 
and loss of weight is shown in figure 45. The somewhat erratic nature 
of the results can be ascribed to the unequal ratio of the maximum to 
the ayerage current for the different soils. 


Table 86 . — Corrosiveness of soils as indicated by electrical measurements and 
loss of weight of the anodes. 


Soil Xo. 

Soil type 

Maximum 
open 
circuit 
voltage ^ 

Corrosion 
potential ^ 

Current 

at 

corrosion 

potential 

Maximum 

short- 

cureuit 

current 

Loss of 
weight c 



V 

T 

ma 

ma 

{mgfcmX) yr 

fi4. 


0.31 

0.34 

2.72 

2.19 

1,475 

103 


.30 

.32 

3. 86 

2.85 

1,230 

45 .... 


.38 

.29 

2.55 

2.20 

1,230 



.37 

.29 

2.92 

1.64 

1,150 

113 


.38 

.31 

2.90 

1.70 

1,130 

57 

]Merced clay adobe 

,30 

.35 

2.00 

1.70 

1,040 

23 ' 

!Merced silt loam 

.34 

22 

, l.SS 

1 1.05 

722 

51 

A.cadia clay 

.12 

.31 

* 1.20 

1 0.80 

70 S 

S 

Fargo clav loam 

.12 

.37 

0.78 

.55 

580 

111 

Fresno fine sandy loam 

.16 

.21 

1.20 

.60 

534 

0 

Bell clay 

.14 

.33 

0.90 

.54 

504 


Unidentified soil 

.14 

.24 

.50 

.42 

370 

1 

Allis .'i:t lonm 

.14 

.22 

.60 

.23 

244 

41 

sill loam 

.07 

.26 

.40 

.20 

214 

20 

.Ma-ionir.L'; ■■iii 'on::'. 

.20 

.30 

.67 

.32 

202 

25 i 

; Miami clay loam 

.01 

.32 

.005 

.003 

16 


» Potential between anode and cathode of corrosion cell on open circuit, 
^ Potential at intersection of current-density-potential curves, 

® Calculated from results in a 2-week run. 
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3. BEHAVIOR OF DIFFERENT METALS IN VARIOUS SOILS 

In view of the extensive use of metals other than iron or steel, such 
as copper, brass, lead, zinc, etc., Denison [95] has used his corrosion cell 
for the investigation of the behavior of several different metals. In most 
soils, the corrosion of steel is under cathodic coiitroL However, if a 
protective film develops on the anode, the corrosion tends to be anodieally 
controlled. The type of control for the various metals in different soils 
was determined by inspection of the current-potential curves of the 
separate electrodes. The tyigieal curves shown in figures 46 and 47 in- 
dicate corrosion under cathodic and anodic control, respectively. 

It is of interest to consider the beha\dor of lead, as illustrated by the 
current-potential curves for lead in figures 46 and 47, with respect to 
the environmental conditions of Houghton muck (soil 58) and Pdfle peat 
(soil 60). Both soils are organic, having been derived from the decom- 
position of vegetable matter. Reference to the composition of the soluble 
material in the soils (table 20) shows that both soils are very acid and 
that soil 60 is extremely high in sulfates. The slight anodic polarization 
shovm by lead in soil 58 (figure 46) is consistent with the known cor- 
rosive action on lead of organic acids produced in the decomposition of 
wood and other organic matter. The organic acids maintain a low con- 
centration of lead ions at the anode. The corrosion of lead in soil 60 
was inhibited by the marked polarizing action of sulfate ions, exhibited 
by the curve for the anode in this soil (figure 47). 

The curves for stainless steel of the 18-8 variety in soils 43 and 13 
represent the behavior of this alloy in the active state (figure 46) and 
in the passive state (figure 47) . While in the passive state, even a slight 
fiow of current is seen to have a marked effect on the potential of the 
anode. However, with the metal in the active state, the anode exhibits 
the characteristic behavior of ordinary carbon steel. The shift from 
the passive to the active condition in soil 43 resulted from the inability 
of the oxide film to maintain a state of repair in a reducing environment 
high in chlorides and sulfates. In figure 46 the change in curvature for 
the cathode at 2 milliamperes corresponds to the shift from the oxygen 
electrode reaction to that of the hydrogen electrode. Curves of this type 
have been discussed by Hoar [96]. 

In table 87 is shown the type of control under which the materials 
corrode in the different soil environments. The corrosion of zinc and 
steel is under cathodic control in all of the soils because, in the presence 
of chloride, sulfate, carbonate, and bicarbonate ions in an environment 
deficient in oxygen, the primary reaction products of steel and zinc are 
soluble and consequently diffuse readily away from the anode surface. 
Under these conditions, a fairly large negative potential can be main- 
tained at the anode, even at relatively high current densities. However, 
in very porous soils which are either strongly alkaline or are deficient in 
soluble salts, the type of control of steel and zinc shifts from cathodic 
to anodic. The fact that the corrosion of zinc is generally under cathodic 
control has naturally an important bearing on its use as a protective 
coating for steel and as an anode in cathodic protection installations. 

Following the procedure of Ewing [93] for determining protective 
current, the potential of the cathode was plotted against the logarithm 
of the applied current for a variety of metals in Docas clay (soil 64). 
The curves are shown in figure 48. Most of the curves are composed, of 
two parts, the first being horizontal (or nearly so) and the second being 
linear with a negative slope. At the higher currents, the cathode is polar- 
ized to such values that hydrogen evolution begins and the potential 
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foliows the linear hydrogen overvoltage curve. Similar curves have been 
obtained and discussed by Gatty and Spooner [90] and by Hoar [96], 
In the ease of a few metals in certain soils, the first part of the curve 
has an appreciable negative slope. This change in potential may have 
resulted from a partition of the applied current such that a certain 
fraction flowed to the cathodic areas. Under such conditions, which 
would be caused by the high resistance of small anodic areas, the pro- 
tective current would be greater than that associated with corrosion. 

Table 87 . — Control of the corrosion rate of metals in different soil environments. 


Environment 


1 

Alkali carbonate 

Material 

Chloride 

1 

1 

Sulfate 

1 

Chloride 

and 

Reducing, 

with 

Reducing, 

with 

organic 

Reducing 

wdth 

organic 

acids 

Good 1 Poor 
; aeration | aeration 



sulfate 

organic 

acids 

acids and 
sulfate 

chloride 

and 

sulfate 


Soil number 



13 1 

a 23 

1 64 

57 

56 

58 

60 

43 

Low-carbon 
steel 

Steel with 

17% Cr.... 

iS— S steel. . . . 

. Cathodic 

. Anodic 

. . . . . do . . . 

i Cathodic 

Anodic 

....do.. 

i 

' Cathodic 

Anodic 

. . . .do.. 

Cathodic 

Anodic 

.... do . . 

Cathodic 

Anodic 

... .do. . 

Cathodic 

Anodic 

.... do . . 

Cathodic 

Anodic 

do.. 

Cathodic 

do. . 

do.. 

Cnpppf . . 

. . . . . do . . . 

... .do.. 

.... do . . 

.... do . . 

... .do. . 

Cathodic 

Cathodic 

do.. 

Brass ( 60—40) 

. . . . , do . . . 

1 .... do . . 

. ...do.. 

... .do.. 

do.. 

.... do. . 

do.. 

.... do . . 

Zinc 

. Cathodic 

1 

1 Cathodic 

Cathodic 

Cathodic 

Cathodic 

....do.. 

do.. 

.... do. . 

Lead 

. ; Anodic 

1 Anodic 

Anodic 

Anodic 

Anodic 

....do.. 

1 

Anodic 

Anodic 


^ Sulfates also pre-sent. 

® Anodic with exceptionally good aeration. 


4. COMPARISON OF LABORATORY DATA WITH THE 
RESULTS OF FIELD TESTS 

In view of the fact that conditions in the field are not nniform, an 
exact correlation between the results of laboratory tests and those ob- 
tained in the field should not be expected. The laboratory tests, however, 
should be expected to give a general indication as to whether under given 
field conditions corrosion vdll be severe or negligible. In order to deter- 
mine to what extent this is true, the results of the laboratory tests have 
been compared with those obtained in the field for the same metals buried 
in the same soils. The corresponding values are given in table 88. In 
order that the laboratory data may be made comparable for the different 
materials, the loss of weight corresponding to the selected value of cor- 
rosion current or protective current was calculated. The values thus 
obtained can be compared with the actual losses during the exposure 
period of 2 weeks in the case of the cells that had a definite polarity. 
As the cell current was necessarily less than the current at corrosion 
potential, on account of the IR drop in the cell, the calculated losses 
are greater than the actual losses, except in cells of very low resistance. 

Generally speaking, the current at corrosion potential can be taken as 
the measure of the rate of corrosion whenever corrosion proceeds under 
cathodic control. An exception must be made, however, for two organic 
soils, Houghton muck (soil 58) and Rifle peat (soil 60). On account of 
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the very high water content on these soils, which approached saturation, 
the perforated-disk cathode could not develop a potential sufficiently 
noble to overcome the resistance of the soil. Whenever comparisons are 
possible, the agreement between the values of protective current and the 
current at corrosion potential is generally good, which indicates that 
protective current can also be taken as a measure of corrosion rate, at 
least when the rate is controlled cathodically. The few cases of poor 
agreement can be reasonably accounted for. 

The field data given in table 88 show the average rate of loss of weight 
and rate of maximum penetration, usually of two specimens of each ma- 
terial after exposure to the various soils for approximately 8 years. 



Figure 48 . — Current-potential curves for the cathode in Docas clay. 

When data for more than one grade of a given material were available, 
as was the ease with lead and zinc, the values for all grades were aver- 
aged. Because of the marked tendency for the rate of corrosion to 
decrease with time of exposure under certain environmental conditions, 
the rates given for lead and zinc after exposure for 2 years are not 
strictly comparable with the values given for the usual 8-year period. 

To facilitate the comparison between the field and laboratory data, 
the relative order of the metals with respect to their resistance to cor- 
rosion is given in the table. The correlation of the laboratory data with 
loss of weight in the field is somewhat better than with the rate of 
pitting, which seems reasonable in view of the fact that a given loss in 

814786= — 48 13 
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weight might be distributed fairly uniformly over the surface, as was 
the^case with copper in soil 43, or it might be confined to a relatively 
few pits, as in the ease of the stainless steels. ^ 

Both the laboratory tests and the field data indicate that the corrosion 
of steel is relatively severe in all the soils. The corrosion of zinc relative 
to that of steel is considerably greater in the laboratory than in the field. 
In fact, the laboratory data indicate that zinc is corroded even more 
rapidly than steel. In the field, the steel corroded more rapidly. Evi- 
dently the separation of the electrodes in the cell accelerated the cor- 
rosion of the zinc. In the field, the concentration of the alkali at the 
cathodic areas was greater, so that the zinc hydroxide which precipitated 
as an adherent film tended to prevent the extension of the anodic areas 
and the consequent increase in the corrosion current. In the corrosion 
cell, the electrodes were far enough apart so that the anodic areas would 
be unaffected by the spreading of alkali at the cathode. The laboratory 
data might better be taken to represent the behavior of zinc as the anode 
in a galvanic cell, for example, in the protection of steel cathodically. 
It is in connection with the protection of steel against corrosion, either 
as a metallic coating or as a separate anode in connection with cathodic 
protection, that the behawor of zinc in soils is of the most practical 
importance. 

The relative corrodibility of copper and 60-40 brass in general agrees 
qualitatively in the two series of tests. However, the marked differences 
occasionally observed in the corrosion rates of these materials in the field 
tests, as in soils 23 and 57, are not reflected in the laboratory data. Evi- 
dently the electrodes in the corrosion cell are not as much affected by 
dezineifieation as in the field tests. It is note-worthy that the superiority 
of the low-copper brass in the Tidal marsh soil (43), which contains 
sulfides, is indicated by both tests. 

The corrosion rates of lead at certain of the test sites are subject to 
the limitation of having been calculated from exposures of only 2 years. 
If allowance is made for the probable decrease in the corrosion rate with 
time in these soils, both field and laboratory data may be taken to in- 
dicate low rates of corrosion of lead in soils containing high concentra- 
tions of chlorides, sulfates, or carbonates. 

X. SOIL SURVEYS AND TESTS 
1. ESTIMATION OF THE CORROSION TO BE EXPECTED IN SOILS 

One of the most important considerations in connection with the 
laying of a pipe line is the amount of protection that should be provided 
against corrosion. It has already been shown that the various soils 
differ with respect to their corrosive action on buried metal. Obvi- 
ously, therefore, an early step should be a survey to estimate the amount 
of corrosion to be expected in various parts of the territory in which the 
line is to be laid. If it were true that soils attack metals in much the 
same way as chemicals do and some one measurable property of the soil 
could be taken as a criterion of its corrosivity, such a survey would be a 
comparatively simple matter. Unfortunately, however, the inherent 
chemical nature of the soil is not always the most important factor 
involved, and several others must be considered. Furthermore', as soils 
are seldom homogeneous throughout more than a relatively small vol- 
ume, a given sample may be more or less corrosive than a similar sample 
taken only a few feet away. Also, a single test on a composite sample 
would present merely the average of its components, whereas it is the 
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maximum corrosiveness of a soil that usually determines its destructive 
effect. For these reasons, and realizing also that some of the character- 
istics of the soil are altered in the sampling or testing process, it is 
evident that the results of a single test may be misleading, and even 
many tests cannot be expected definitely to indicate the time %vhen the 
first failure of a pipe vill occur. On the other hand, a series of tests 
on an adequate number of samples properly taken, or a soil survey in 
which observations are made at frequent intervals, will furnish data 
from which reliable estimates can be made coiieerning the performance 
of a pipe line exposed to the soils thus examined. A soil survey, includ- 
ing the taking of the samples, should preferably be made by an experi- 
enced engineer, who should also be responsible for the interpretation 
of the results because proper conclusions depend not only upon the 
numerical data, but also upon observations of local conditions, which 
are often difficult to express defiboitely. An experienced engineer fa- 
miliar with soil conditions and their relation to pipe line corrosion may 
be able to make a better estimate of the corrosive areas from visual 
observation alone than can be made by a techiiician skilled only in 
laboratory methods. The best results are to be obtained by a combination 
of tests and experience. 


2. FIELD TESTS 
(a) RESISTIVITY 

The most common criterion of the corrosmty of a given soil is its 
resistivity. This depends quite largely upon the nature and amount of 
dissolved salts in the soil, and is also affected by the temperature and 
moisture content of the soil. Obviously, the resistance of the electrolyte 
is one of the factors that affect the flow of the current associated with 
corrosion. If other factors are constant, there is a relation between soil 
resistivity and corrosion, as indicated in table 89, which presents data 
obtained by Denison and Ewing [40]. 


Table 89. — Repairs to pipe luies in different types of soils as related to 
their resistivity. 

[Total acidity 15 to IS mg =eq per 100 g of soil] 


Soil type 

Resisthdty 

Pipe line repaired 


Ohm~cm 

Percent 

Lordstown fine sandy loam 

11,450 

3.3 

Wooster loam 

8,002 

6.0 

Volusia silt loam 

5,473 

13.6 

IMahoning silt loam 

4,903 

20.9 

Miami silt loam 

3,982 

22.8 

Nappanee clay loam 

1,009 

57.0 


The soil is an electrolyte, and the precise measurement of its re- 
sistivity requires carefully designed apparatus and carefully planned 
procedures. If direct current is used, polarization of the electrodes will 
affect the results. If alternating currents are employed, the apparatus 
must compensate for inductance and capacity, which vary with fre- 
quency. ^so, corrections for the temperature and moisture content of 
the electrolyte must be made. However, as two samples of soil are seldom 
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identical and as the factors other than resistivitj aie larelj constant, 
an approximate value of resistivity is usually sufficient. The following 
methods of determining in the field the resistivity of a sample of soil 
under the conditions existing at the time _ of the measurement are 
suffieientlv accurate for most corrosion engineering purposes. 

(1) Shepard’s Soil-Eesistivity Apparatus— Ot the several pieces of 
apparatus used for rough determinations of soil resistivity by corrosion 
engineers, Shepard’s [97] apparatus, as sho-nm. in figure 49, is probably 
most widdy used. The apparatus consists of small electrodes attached 
to insulating rods. The electrodes are connected to a battery and a 
milliammeter and thrust into the soil to be tested. Shepard describes, 
the apparatus as follows : **The anode is an iron cone of oiie-lialf inch 
(1 27 cm) base and one-quarter inch (6.3 mm) height. The cathode, also 
of iron, is a frustum of a cone 2% inches (6.7 cm) long, three-quarters 
inch (1.9 cm) lower base, one-eighth inch (3 mm) upper base. The point 
is ground or turned to a lis-ineh (1.5 mm) radius. A three-volt bat- 
tery of two flashlight dry cells is used, the positive pole being connected 
through a switch to the smaller electrode or anode.” 



I’lCrDEE 49,— Shepard soU resistmty Meter, 

A milliammeter having ranges of 25 and of 100 milliamperes is em- 
ployed. The 25-milliampere range is good for resistivities down to 370 
ohm-em, whereas the 100-milliampere range is good for resistivities 
between 400 and 100 ohm-cm. The scale of the meter can be graduated 
directly in ohm-centimeters. A multiplier coil is included in the meter 
so that the voltage of the battery can be checked from time to time. 
"Vrith such an instrument, the soil resistivity in ohm-centimeters is equal 
numerically to approximately three times the measured resistance 
between the electrodes when they are separated in the earth about 
8 inches (20 cm) or more. The resistivity meter measures the resistivities 
of sodium chloride solutions ranging from 100 to 10,000 ohm-centimeters, 
with an accuracy of about 6 percent. 

The accuracy of the reading depends on the condition of the battery 
and on the resistance of the contacts between the electrodes and the soil. 
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The apparatus cannot be used in very dry or rocky soil. Because the 
apparatus measures the resistivity of only a small volume of soil, a 
single reading may not be indicative of the resistivity of the average soil 
throughout the region of the test. This objection can be overcome bv 
making several tests in different holes. The apparatus is easily portable 
and inexpensive, and a large number of observations can be made in a 
few hours either in the walls and bottoms of trenches or in holes driven 
in the ground. The apparatus may be purchased from either of two man- 
ufacturers or be constructed from directions published by Shepard [97]. 

(2) Wennei^s Four-Termiml Method.— The average*^ resistivity of a 
large volume of earth can be determined from the surface of the ground 
by a method developed by AVenner [98] and applied by means of (1) 
the McCollum earth current meter, (2) the Megger, or (3) by a volt- 
meter, ammeter, and battery. Four contact points are placed in the 
earth at equal distances a in a straight line. An alternating or peri- 
odically reversed current is caused to flow between the outer electrodes, 
and the resulting differences of potential between the inner electrodes 
is observed. If the depth to which the electrodes is inserted in the ground 
is small compared with the distance a, the effective resistance between 
the potential electrodes is given by the equation E=r/2Tca, where r is the 
resistivity of a unit volume of soil in terms of the unit in wdiich a is 
measured. According to Wenner, the measured resistivity depends 
mainly on the resistivity of the portion of earth situated between the 
inner electrodes and having a cross section equal to the square of half 
the distance between the outer electrodes. 

According to Eooney [99], who describes apparatus for measuring 
earth resistivity, the resistivity determined by this method is a general 
average value in which the resistivity near the line of the terminals is 
more heavily weighted. He says that, roughly speaking, the effect of 
material, at a distance {a) equal to the distance between adjacent 
terminals, is found to be so small that the effect of materials beyond 
it is negligible. 

Biddle [100], who has designed an apparatus for field measurements 
of soil resistance by the four-terminal method, says that under condi- 
tions specified above the resistance measured is that of a half cylinder 
of length a, and radius 2a. The four-terminal method has been used for 
studying the changes in soil resistivity with depth and, hence, for 
determining the desirable length of vertical anodes or the depth at 
which they should be placed. One corrosion engineer [101], employing 
this method, uses a B battery for the source of current and reduces 
polarization errors by using a vacuum-tube voltmeter for the potential 
measurement. 

(3) Electrolytic-Bridge Method, — The electrolytic-bridge method for 
measuring soil resistivity is employed by the U. S. Department of 
Agriculture [102]. Fifty milliliters of soil is saturated with distilled 
water and put into a specially designed vessel containing two electrodes, 
and the resistance between the electrodes is measured by means of a 
Wheatstone bridge excited by a vibrator. A telephone receiver is used 
as a null indicator. By means of tables, the resistivity and salt content 
are determined from the measured value of resistance. The apparatus 
is easily portable and can be purchased from an electrical supply house. 
The determination of the resistivity of the soil when saturated has the 
advantage of reproducibility of condition and avoids the problem of 
the proper compactness of the sample. The question as to whether or 
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not the sample is representative of local conditions remains. Also, if 
desert soils are involved, the resistivity thus observed may be quite 
different from that of the dry soil from which the sample was taken. 

(4) Eadio Balance , — Another method of making a soil-resistivity 
survey, probably the least accurate of those discussed herein, has been 
described by Huddleston [103]. This consists in the use of the radio 
balance, an instrument originally intended for use in locating pipe lines 
or other buried metal. It consists of a six-tube, portable, impedence- 
coupled radio receiver and a two-tube oscillator. Both of these instru- 
ments are housed in wooden cases with built-in loops and batteries, and 
are mounted at the ends of the w^ooden rods, between which the operator 
walks. The apparatus operates on the principle that conducting ma- 
terials act as a shield to the propagation of high-frequency waves. 
Consequently, the presence of conducting materials can be detected by 
properly designed apparatus. The instrument must be calibrated while 
holding" it in succession over a number of soils of known resistivity. 
The deflection of the receiving set is proportional to the conductivity of 
the soil to a depth of about 4 feet. The test requires no excavations and 
gives a continuous reading. The apparatus is especially useful in 
approximately locating the boundaries of low-resistance soils, which are 
usually corrosive. Huddleston reports that 10 miles of right-of-way can 
be covered in a day by this method. The instrument weighs about 
30 pounds. 

(b) COLUMBIA ROD 

The measurements discussed so far indicate only the resistivity of 
the soil. The currents that accompany corrosion depend not only on the 
resistivity of the soil but also on the potential of the metal with respect 
to the adjacent electrolyte and on the limitation of the corrosion cur- 
rents by polarization Aims and corrosion products. Several attempts 
have been made to design soil-testing apparatus that would take account 
of one or more of these factors. One of them is the Columbia rod 
developed by Legg [104]. 

Figure 50 shows one form of the Columbia rod. It consists of a 
IH-ineh insulated rod tipped with a cone of steel, a few inches from 



which is an insulated ring of some more noble metal, such as copper. 
The two electrodes are connected to a sensitive milliammeter, which 
reads the current flowing when the two electrodes are in contact with 
the soil. The instrument is calibrated in terms of readings in soils of 
known corrosivity. The readings are affected by the quality of the 
contacts between the electrodes and the soil and is satisfactory only 
for some soil conditions. The changes in the current between the 
electrodes are indicative of film formation, and the amount flowing 
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depends on tiie effeetire areas of the electrodes as well as on other and 
more constant factors. 

The apparatus could be made with the electrodes on separate rods, 
as in the Shepard apparatus, and an external battery could be used' 
This, however, would mask the galvanic effect and*^the polarization 
would depend on the applied voltage. The Columbia rod has not been 
fully developed and probably could be improved. It is not used ex- 
tensively. Some tests indicate that the readings of the rod are affected 
chiefly by the resistance of the soil. The amount of soil involved 
in a single test is less than in a single test by the Shepard apparatus. 

(c) REDOX APPARATUS 

Soil corrosion in the eastern part of the United States, and perhaps 
elsewhere, is partly due to the depolarizing effects of anaerobic bacteria. 
The relation of these bacteria to corrosion is discussed elsewhere in 
this Circular. Starkey and Wight [105] have recently devised a means 
of determining whether or not a soil condition is favorable to the 
development of certain of these bacteria. The apparatus consists of two 
long insulated cylinders, one containing a glass electrode and a calomel 
electrode, by means of which the pH of the soil solution in a hole in 
the soil can be determined, and the other containing a platinum electrode 
and a calomel electrode for measuring the oxidation-reduction potential 
of the solution. From these measurements it is possible to determine 
whether or not the aeration and pH of the soil are favorable for the 
growth of some kinds of sulfate-reducing bacteria. A survey by means 
of the apparatus would probably indicate the corrosiveness of wet soils, 
such as swamps, marshes, and first bottoms of streams, but would not 
identify corrosive, well-aerated sods, except insofar as the corrosivity is 
indicated by the pH of the soil. 

(d) IDENTIFICATION OF SOIL TYPES 

The U. S. Department of Agriculture has examined and mapped by 
counties or similar subdi\dsions about two-thirds of the arable land of 
the United States, describing the characteristics of each soil horizon, 
usually to a depth of 6 feet. Each soil that differs chemically or 
physically from another is given a different name. Insofar as corrosion 
is dependent on soil characteristics, the name of the soil should indicate 
its corrosiveness if all the characteristics of the soil are known. How- 
ever, the corrosiveness of only a few soil types or series has been 
investigated, and the corrosiveness of a soil series must usually be in- 
ferred from its chemical and physical characteristics in the absence of 
any experimental data. It may be possible, however, to recognize soil 
types described in Department of Agriculture publications and by 
associating unknown soils with known soils having similar descriptions, 
to form some idea as to their corrosiveness. Moreover, as in many regions 
the same soil tjiges are recurrent, a soil survey along a right-of-way may 
be helpful in subdividing the territo^ with respect to its eorrosmty. 
This is illustrated by the work of Denison and Ewing [40] , who made a 
study of the repair records for 200 miles of pipe line right-of-way in 
Northern Ohio, which contained five parallel lines ranging in age from 
26 to 44 years. Some of the physical characteristics of the pils traversed 
are shown in figure 51. In this study the number of repairs were taken 
as the measure of the corrosiveness of the soil. It will be shown later 
that some of the lines were repaired at the same place more than 
once. The repaired sections were usually given a protective coating 
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■wMcli presumablv prolonged the serviceability of the pipe, and thus is 
equivalent to reducing the corrosivity of the soil. The length of the 
line repaired depended to some extent on the judgment of the operator. 
All these things interfere with correlating soil types with corrosion, as 
expressed in terms of reconditioning. 



FiGTJEE 51 . — Vliar act eristics of soUs in ttie regions oj giacmi sandstones ana snaies. 

In tabie 90, in addition to the data on soil types and pipe repairs 
given therein, are reported the acidity and resistivity of the soil types 
so as to give some idea as to their homogeneity. 

The significance of acidity and resistivity as measures of soil cor- 
rosivity is discussed in another section. It is apparent from the magni- 
tude of the standard deviations of the mean and from the number of 
samples, that the average values given for the different soils are' not 
equally reliable. Thus the average acidity and resistivity of an extensive 
soil type, such as Mahoning silt loam, was determined with a relatively 
high degree of precision because a large number of samples of such 
soils were taken. On the other hand, less reliance can be placed upon 
the values for soils present only to a limited extent along the pipe line 
as they are represented by so few samples. 

It will be noted that for three soils, namely, the Clyde clay loam, the 
Brookston clay loam, and the Crosby silt loam, the data have been 
separated into two groups, for which, however, the respective acidities 
and resistivities are practically the same. This separation was suggested 
by the fact that the extent of repairs differs greatly in areas of each of 
these soil t:^es, depending upon their position with respect to a certain 
division point on the pipe line. West of this division point, where the 
soils are more corrosive, the pipe lines closely parallel a railroad for 
many miles. It is possible that the accumulation of cinders on the 
surface of the soils might^;a®ecaurfe^:if@r^:,the srreater corrosiveness in 
this region. 























V nderground Corrosion 


201 



[lOM 



Circulars of the National Bureau of Standards 

A summary of tlie data on soils and pipe line repairs is giyen ia 
table 90. The repairs which have been made in the different soils are 
expressed as percentage of length per soil body. According to this 
method of expressing the data, the percentage of repairs (column 9) in 
the various bodies of a given soil type are simply averaged without 
regard to the size of the body. The standard deviation of the percentage 
of pipe repaired in each soil type (column 10) was obtained after 
weighting the percentages for each separate body according to the 
length of line in that body. 

The data in table 90 show that, although there is considerable spread 
in the amount of pipe replaced in various areas of the same soil type, 
there are consistent differences in the corrosiveness of the various types. 
Thus among the most corrosive soils must be listed the Clyde clay loam 
first section (Ai), the soil overlaid by cinders (Ci), the Nappanee clay 
loam (X), and the "Wauseon-like” soils (Wa). On the other hand, the 
Canfield (Ca), Lordstowu (L), and Wooster (Wl) loams, and the large 
group of undifferentiated sands and sandy loams (S) must certainly be 
considered as practically noncorrosive. The certainty with which the 
corrosiveness of the different soils is Imown depends upon the extent to 
which the soils occur along the pipe lines. For instance, relatively little 
weight can be given to the value for the Lorain fine sandy loam (L), 
since only one-half mile of this soil was mapped. 

Table 90 also shows that the percentage of repairs in small bodies of a 
given soil type is more likely to differ from the average of that type 
than are the repairs in larger bodies. Errors in mapping the type 
boundaries and in locating the places where repairs were made in small 
bodies of soil introduce larger errors than in a single body of equal area. 

The wide spread in the data summarized in table 90 may be illustrated 
by the repairs in a single soil t}q)e. In table 91 are shown the repairs in 
five bodies of the Lordstowm sandy loam. It is easily seen that the repair 
of 570 feet in the 1,000-foot length of pipe line is inconsistent with 
the fact that only 380 feet of pipe were repaired in the remaining 
length of 28,000 feet. In this body where the pipe was repaired, which 
extended for 200 feet (5 lines), it would appear either that the soil is 
not really Lordstown sandy loam or the pipe did not require recon- 
ditioning solely on account of the corrosivity of the soil. Electrolysis 
or long line currents may have accelerated the corrosion. 


Table 91 , — Sepair data for Lordstovm sandy loom. 


Total length of line 

Length repaired 

Length repaired 

ft 

ft 

% 

2,000 

0 

0 

1,000 

570 

57 

10,500 

0 

0 

9,500 

0 

0 

6,000 

380 

6.33 

Total. . .29,000 

950 

3.27 


distribution of corroded areas as related to soil type is shown 
graphically in figure 52 for a typical section of the lines. Pertinent data 
repaired lengths of line in each area and acidity 
and resistivity data are also shown. The marked differences in the cor- 
rosiveness of several soil types is immediately apparent. In the areas 
occupied by the Chenango silt loam (D) and the Holly clay loam (H), 
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it is seen that as many as three separate repairs have been made on 
short lengths of the lines. In contrast to these severely corrosive areas 
are intervening areas of Wooster loam (Wl) in which 'the repairs have 
been negligible. Similarly, it is seen that the area occupied by the 
Mahoning silt loam (M) is corrosive, but that few if any repairs' have 
been made in the Canfield (Ca) and Ellsworth (E) silt loams and in 
the Volusia loam (VI). 



Figure 52 further illustrates the errors, previously referred to, which 
may occur at the boundaries of the different soils. Thus it is seen that 
practically all the repairs that have been necessary in the area of 
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Wooster loam between 1,000 and 5,000 feet have been made at the 
boundaries of the adjacent soil types. 

In considering further the relation between the various soils and their 
corrosiveness, it is of interest to compare the repairs made in certain 
soils with the degree of development of the horizons within the soil 
profile. In table 92, the typical upland soils of northeastern Ohio, 
which have developed from sandstone and shale, have been grouped in 
four vertical columns according to the degree of development shown by 
their profiles. Within each vertical column the soils are arranged accord- 
ing to the texture of the B-horizon. In table 93 a similar aiTangement is 
shown for the glacial soils of northwestern Ohio, which have been 
derived from limestone. 

Table 92. — SeJation between the degree of development of the glacial soils of 
northeastern Ohio and their corrosiveness. 


Degree of development 


Color of surface soil 

Mottling of Ai horizon.. 

Mottling of B horizon. . . 

ilottling of C horizon, . . 

light B horizon 

1 

2 

3 

4 

Gray 

Tvlottled 

do 

do 

Gray brown 

Mottled 

do 

do 

Light brown 

No mottling 

Mottled 

do 

Brown 

No mottling 

do 

do 

Series 

Repairs 

Series 

Repairs | 

Series 

Repairs 

Series 

Repairs 


Percent 

Volusia 

Percent 

13.6 

Canfield 

Percent 

6.2 

j Wooster 

Percent 

6.0 

Heavy B horizon 

Trum- 

bull 

20.0 

Very heavy B horizon . . . 

Mahon- 

ing 

20.9 

Ells- 

worth 

16.1 









Table 93. — ^Relation between the degree of development of the glacial soils of 
northwestern Ohio and their corrosiveness. 


Degree of development 


Color of surface soil 

1 

2 

3 

Gra 3 dsh black 

Mottled bluish gray 

Dark gray 

Mottled bluish gray 
and yellowish browm 

Gray brown 

Mottled yellowish 
brown and yellowish 
gray 

Color of subsoil. 

Light B horizon 

Series 

Repairs 

Series 

Repairs 

Series 

Repairs 


Percent 


Percent 

Miami 

Crosby 

Nappanee 

Percent 

22.8 

30.8 

57.0 

Heavy B horizon 

Clyde 

46.2 

Brookston 

34.1 

Very heavy B horizon 







It is seen from tlie tables that the corrosiveness of the soils is related 
to their stage of development, the least developed soils being invariably 
the most corrosive. Thus the Trumbull soils, which are mottled through- 
out the profile and show very little differentiation into horizons, are 
seen to be corrosive, whereas the Wooster soils, which are well developed, 
are noncorrosive, It will also be observed that within the vertical col- 
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umns corrosiveness increases as the subsoil becomes heavier in texture. 

The relationship between the stage of development and texture of the 
soils and their corrosiveness can be largely explained on the basis of their 
average acidity and resistivity. Because of the slight weathering that 
has occurred in the case of the poorly developed soils, such as those of 
the Trumbull series, there has been but little tendency for soluble ma- 
terials to be removed, with the result that the average resistivity of 
these soils is relatively low. Similarily, the very hea\y texture of poorlv 
drained soils accounts largely for their high "acidity, the aciditv of a 
soil being a function of its content of colloidal material. Conversely, 
the high stage of development of the noneorrosive Wooster soils has 
resulted from the thorough removal of soluble salts, as indicated by their 
high average resistivity. Aside from the effects of acidity and resistivity, 
however, it is highly probable that those differences in the physical 
characteristics of the soils that determine their drainage and aeration 
have an important bearing on the observed relations. 

The correlation of corrosion with soil types is helpful because the 
U. S. Department of Agriculture has mapped half of the soils of the 
United States, classified them as to soil t 3 T)e, and described each type. 
It might be possible, however, to make a simpler correlation by the use of 
soil series instead of soil types, as usually the different types in a soil 
series differ only in the texture of the uppermost layer, or A horizon. 
That is the subsoils are usually the same for most of the soils belonging to 
the same' soil series. It is, therefore, of interest to examine the consistency 
of corrosion within the series, as it would be desirable, if possible, to 
take a soil series rather than a single soil type as a criterion for corrosion. 
To obtain data on this question, specimens of open-hearth iron, wrought 
iron, steel, and cast iron were buried in two or more soil types belonging 
to the same series but separated as to location. Unfortunately, some of 
the alkali soils that were selected were afterward found to differ in salt 
content. Table 94 shows the results of the tests. As the duration of the 
exposure in different soil types belonging to the same series differed 
somewhat, the corrosion losses and pit depths have been reduced to rates 
per square foot. The table is satisfactory for comparing materials in 
the same soil series, but should not be used for predicting corrosion for 
longer periods of exposure. 

If allowance is made for the probable spread of data assignable to 
uncontroUed factors, it will be seen that corrosion within the soil series 
investigated is reasonably constant. An exception is the Norfolk series 
where the corrosion in Norfolk sandy loam is different from that m 
Norfolk sand. The subsoils of these two types are quite different. This 
serves as a warning that before assuming that corrosion throughout a 
soil series is the same, one should determine the sameness of the subsoils. 
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3. LABORATORY TESTS 
(a) RESISTIVITY 

The conductanee of most soil is almost entirely electrolytic. The re- 
sistance of a soil, therefore, depends on the moisture in the soil, the salts 
in solution, the distribution of the moisture, and its temperature. The 
compactness of the soil affects its resistance, and in a measurement of a 
small volume of soil containing stones or gravel, the result may be af- 
fected by the distribution of this inert material. If direct current is 
used, the results may be affected by polarization and endosmose. The 
National Bureau of Standards [106] made a rather extensive study of 
soil resistirity in the course of its study of stray-current electrolysis, 
and for several years made soil-resistivity measurements on samples of 
soil. These, as received from the field, were placed in a glass-lined cyl- 
inder having a volume of about 800 milliliters and provided with a mov- 
able piston by which the sample was subjected to a pressure of 50 pounds 
per square inch. Measurements were made with a voltmeter and am- 
meter, using 60-eyele current. At 50-pound-per-squar e-inch pressure, 
the resistivity of most soils was found to be about that of the undis- 
turbed soils. 

Although such measurements may have shown the resistivity of the soil 
at the time the sample was taken, the results were questionable because 
another sample taken at a different time might have a very different 
resistivity because of a different moisture content. Later soil-resistivity 
measurements were made with the soil sample saturated, using a Wheat- 
stone bridge and a 1,000-cycle current. From the resistance, the resis- 
tivity at 60*^0 was calculated. The volume of soil tested was 46 milliliters. 
Prom the standpoint of the soil scientist, the change in method had sev- 
eral advantages, although the results were in many cases not representa- 
tive of the resistivity of the soil in the field at any time, and the chances 
of the sample being representative decreased with the decrease in the 
volume of the sample tested. As the resistivity of the soil in the field 
may vary considerably from point to point and from time to time, and 
as resistivity is only one of the characteristics which influence its cor- 
rosmty, an approximate value is sufficient for most purposes. 

Another container used at the Bureau consists of a Bakelite frame 
with removable iron electrodes at the ends and ^having a cross section 
of 5 square centimeters and a length between electrodes of 5 centimeters. 
The resistivity of soil in this frame is equivalent to its resistance. An- 
other frame was constructed having a cross section of 30 square centi- 
meters and an inside length of 3 centimeters, so that the resistivity of 
the soil equaled 10 times the observed resistance. These containers were 
placed on glass plates, and measurements were made with, the alternating 
current bridge. Wahlquist [101], for some of his field measurements, 
used a wooden box lined with waxed paper. The box had a length of 
about 8 inches and a cross section of about 4 square inches. Current 
terminals were placed at the ends of the box, and point potential ter- 
minals were so spaced near the center that the resistivity of the soil 
equaled the resistance, which was measured by means of a battery, 
milliammeter, and vacuum-tube voltmeter. The separation of the current 
and potential electrodes avoids the inclusion of polarization effects at 
the current terminals. However, the voltmeter terminals may differ 
somewhat in potential. This source of error may be avoided by applying 
different currents and dividing the change in voltage by the change in 
current. When the measurement has been completed, the soil is slipped 
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out of the bos and -svrapped in the vrased paper for later reference. The 
effect of compacting the soil in a test bos is shown in figure 53. 

The effect of the moisture content on the resistivity of a clay soil is 
shown in figure 54. Other kinds of soils would yield different eun-es 
because of their different salt content and moisture equivalent, as is 
shovii in tables 20 and 21. The effect of temperature on the resistance 
of one soil is shown in figure 55. For temperatures between 0° and 25° C 
the relation between soil resistance and temperature is given by the 
equation Bi.,.5=:fff(24.5+f)/40, in which Rir,s, is the resistance at l'5.5°C 
(60°F) and Bt is the resistance at the temperature t °0, 
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Figure 53 . — Specific resistivity of soil at different pressures. 
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PiGUKE 54 . — Effect of moisture content on soil resistivity. 
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(b) hydrogen-ion concentration and total acidity 

Holler [107], as a result of a study of hydrogen evolution from iron 
filings in contact with soil in the absence of oxygen, found a logarithmic 
relation between the total acidity of the soils at the Bureau test sites 
and the volume of hydrogen evolved and suggested that the corrosive- 
ness of soils in humid regions might be predicted from their acidity. 
Because of the very slight dissociation of the soil acids, the pH value 
of a soil may offer no indication of the capacity of the acidic material 
to prevent the formation of a protective layer of hydroxides that tends 
to form as a result of initial corrosion. It has been noted that with a 
definite oxj^gen concentration the rate of corrosion is determined by the 
total quantity of ionizable hydrogen that comes into contact with the 
metal surface, rather than by the hydrogen-ion concentration of the 
corrosive medium. Unless the quantity of acid that comes into contact 
with the metal surface is sufScient to prevent the formation of pro- 
tective hydroxide films, these films will tend to form regardless of the 
H-ion concentration. In order to determine the effect of soil acidity on 
corrosion in aerated soil, Denison and Hobbs [39] made up a series of 
synthetic soils differing chiefly in total acidity. They found that, under 
the conditions of their test, the rate of corrosion was roughly propor- 
tional to the total acidity of their soils. A somewhat less definite rela- 
tion was found between the rate of pitting and the acidity of soils from 
Bureau test sites. 

The determination of total acidity of soils is somewhat difficult 
because of the slight solubility of soil acids. The details of the procedure 
followed in determining acidity by the “difference’^ method as described 
by Denison [108] are as follows. The capacity (T) of the soil to 
absorb exchangeable bases was first determined. A 25-gram sample of 
soil was placed in a 250-milliliter Erlenmeyer flask with about 1 gram of 
calcium carbonate added. The soil was treated with 150 to 200 milli- 
liters of 1 N NaCl that had been heated to 80° to 90° C. The mixture 
was maintained near that temperature for 1 hour, with occasional shak- 
ing. The mixture was then poured into a 400-milliliter bottle and 
shaken overnight in an end-over-end shaker and also for 2-hour periods 
on 2 succeeding days. After standing another night the extract was 
decanted and filtered into a 1-liter beaker. Then 200 milliliters of salt 
solution was added to the soil. The mixture wms shaken 1 hour, allowed 
to settle, and the extract then decanted through the filter as before. 
This process was repeated until 1 liter of extract was obtained. For 
the final filtration, the entire quantity of soil was poured on the filter 
and washed. The extract was then mixed thoroughly, and the calcium 
in a 400-milliliter portion was determined gravimetrically. Prom the 
value thus obtained, the quantity of calcium equivalent to the solubility 
of calcium carbonate in 1 liter of 1 A NaCl was subtracted. 

The quantity^ (S) of replaceable calcium in the soil was determined 
in a manner similar to the determination of the exchangeable base 
capacity, except that no calcium carbonate was added and the shaking 
was limited to 18 hours. For those soils in which calcium carbonate 
occurred naturally, a correction was made for the calcium that had 
been dissolved as carbonate by the salt solution. This quantity was 
calculated from, the amount of bicarbonate in solution, which was esti- 
mated by titrating an aliquot portion of the extract with standard acid 
to the color change of methyl orange. The quantity (T—S) of ex- 
changeable hydrogen or the total acidity of the soil was obtained by 
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subtracting from the exchange capacity of the soil the absorbed calcium 
found to be present. 

Ewing [109] devised a shorter method that duplicates the results of 
Denison's method within about 15 milligram equivalents per 100 grams 
of soil. Ewing's method is as follows : Two 5-gram portions of the air- 
dry soil, previously pulverized and passed through a 20-mesh (per linear 
inch) sieve, are placed in two 25- by 200-millimeter test tubes, and then 
25 milliliters of normal NaCl solution is added to each tube. One milli- 
liter of 0.2 N Na^COs solution is pipetted into one tube and 2 milliliters 
into the other. (One milliliter is equivalent to 4 milliequivalents of 
acid per 100 grams of soil for the 5-g sample.) The pH of the more 
alkaline solution is then determined. If the pH is found to be below 8, 
2 milliliters more of the carbonate solution is added to each tube and 
the process repeated until the pH of the more alkaline solution is 
above 8. The tubes are allowed to stand, with occasional shaking, until 
the solutions are in equilibrium with the soil and show no further 
changes of pH with time. The pH of the solution in each tube is then 
determined. Usually the resulting pH values are so near to pH 8 that 
by interpolation or extrapolation the amount of alkali required to bring 
the soil to pH 8 can be determined. For example, if 12 milliequivalents 
(3 ml) of the carbonate solution give a pH of 7.7 when in equilibrium 
with the soil and 16 milliequivalents (4 ml) give a pH of 8.1, the acidity 
of the soil will be 15 milliequivalents per 100 grams. The titration curve 
is assumed to be a straight line through the range of interpolation 
and extrapolation. 


Table 95 . — 'Repairs in soil types as related to total acidity, 
[Kesisti\'ity 4,000 to 5,000 ohm-centimeters] 


Soil type 

Total acidity 
(mg-eq/100 g soil) 

Pipe line repaired 

Wauseon. fine sandy loam 

mg~eq 

7.0 

Percent 

6.3 

Caneada silt loam » 

12.7 

13.3 

Miami silt loam ^ 

16. S 

22.8 

Mahoning silt loam 

18.1 

20.9 

Trumbull clay loam ® 

21.1 

20.0 

Crosby silt loam, first section 

22.0 

30.8 


a Includes fine sandy loam. 

^ Includes clay loam and fine sandy loam, 
o Includes silt loam. 


The relation of the total acidity of the soil to its corrosivity is indi- 
cated by table 95. Of course, the corrosivity of most soils is influenced 
b}" several of their characteristics, some of which are not closely related. 
Consequently, in many cases there is no close correlation between a single 
soil characteristic and corrosion. For the northern Ohio soils previously 
discussed, Denison and Ewing found that the corrosivity could be 
roughly expressed by the equation P— 7500(JL— -5 )/jK, in which P is the 
percentage of pipe repaired, A is the total acidity in mil equivalents of 
hydrogen per 100 cubic centimeters of soil, and R is the soil resistivity in 
ohm-centimeters. Although the relation between hydrogen-ion con- 
centration and total acidity that has been discussed affords a sufficient 
explanation for a lack of correlation between hydrogen-ion concentra- 
tion and corrosion, several factors that affect the determination of pH 
values at the National Bureau of Standards and elsewhere may also 
have affected the results. One of these was the use of a colorimetric 
method for pH determinations, which in most eases necessitated the 
addition of water to the soil. 
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Tlie difficulty of obtaining a clear soil solution or of matching colors 
wheu tie solution was not clear sometimes may have resulted iu iaae- 
eurate determinations. More important, probably, is the fact discovered 
by KomanofiE [47] that if certain soils are air-dried prior to the deter- 
T^iation of their hydrogen-ion concentrations, as is the practice of 
the Department of Agriculture and the National Bureau of Standards, 
the pH values undergo changes due, probably to the oxidation of sulfides 
in tL soUs The total acidity of the soil may change also. It is possible, 
therefore that in some eases the pH values used in the_ correlation of 
pH values and corrosion were incorrect. The changes referred to occur 
in some poorly aerated soils containing active sulfate-reducing bacteria. 
The hydrogen-ion concentrations of other poorly aerated soils are un- 
affected by^aeration. When conditions permit, the pH values of the soils 
at the National Bureau of Standards test sites will be redetermined with- 
out exposing them to the air, but it seems probable that only a few 
changes in the published values will be necessary. 

Cc) PUTNAM’S DECOMPOSITION POTENTIAL TESTS 

A test that has been used extensively in the West is one devised by 
Putnam. This test has undergone several changes with respect to ap- 
paratus and the way in which the data are treated. The original test 
[110] was one of the earliest attempts to determine soil corrosivity and 
to associate corrosion with the electrical condition of the corroding metal. 



The latest modification [52] takes account of the resistivity and acidity 
of the soil and of polarization. There are some, however, who doubt the 
validity of the theory upon which the test is founded. 

The test involves the determination of the resistivity and pH of the 
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soil and the value of current under certain experimental conditions 
which Putnam calls the ‘potential con-osivity-’ of the soil. The circuit 
foi determining potential corrosivity is siioi^m iu fi^'ure 56, Two pol- 
ished-steel electrodes having faces 1 inch square are'’ held iii a bakelite 
case (not shown) with their faces 1 inch apart to form cubical cell 1 
inch on a side. The soil under test is compacted in this cell under a 
pressure of 500 pounds per square inch. The resistance of the soil cube 
is determined by measuring the resistance between the electrodes with 
an alternating-current Wheatstone bridge. A potential difference of 1.4 
volts (causation potential, Ec) is then impressed between the steel elec- 
trodes by means of a battery and potential divider as shoivn. After the 
current has reached a practically steady value, usuallv after about 5 
minutes, its value, C, is read. The equation C={1A—Ed)/B gives the 
value of the current in terms of the causation potential (1.4 vdts), the 
decomposition potential, Ed, and the resistance, B, of the soil cube.' ’The 
value of C in milliamperes is called the potential corrosivity. Values of 
pH are determined colorimetrically in a neutral 5-pereent potassium 
chloride solution. By correlating these values with the National Bureau 
of Standards soil-corrosion data, Putnam derived several empirical re- 
lationships for determining such quantities as the loss per square foot, 
the average maximum pit depths, and the total number of leaks per mile 
in a given time. 

(d) WILLIAM S-CORFIELD OR NIPPLE-AND-CAN TEST 

A more frequently used and simpler test, which, however, has less 
theoretical background than Putnam’s, is the Williams-Corfield [54], 
or nipple-and-can, test. Its chief claim for consideration is that the cor- 
rosion index obtained by its use has been correlated with a large amount 
of corrosion experience. A 4-inch length of %-ineh sand-blasted iron 
pipe is carefully weighed, and a rubber stopper is inserted in one end 
so that it protrudes one-half inch. It is then placed in the center of a 
pint friction-top tin can, with the stopper resting on the bottom, and 
the remaining space is filled with a water-saturated sample of the soil 
to be tested. The pipe is connected to the positive side of a 6-volt storage 
battery, and the other side of the battery is connected to the can. Sev- 
eral tests are usually run in parallel. Corfield uses a clock to disconnect 
the battery after 24 hours. The pipe is removed, cleaned, and reweighed. 
The loss of weight in grams is the corrosion index. Soils are grouped 
as to corrosivity as shown in table 96. 


Table 96. — Corfield corrosivity index. 


Corrosion index 

Corrosiveness 


Very bad 

2 to 2799 griims 

Bad 

1 to 1.99 grains 

Fair 

Less thfl,n 1 gram 

Good 



Figure 57 shows Corfield’s apparatus. Corfield tested about 8,000 
samples of soil from Los Angeles, Calif, and vicinity by this method to 
make a soil-corrosivity map of the territory under his supervision. The 
method has been used extensively by others and appears to be reason- 
ably satisfactory for soils such as occur in California. There are few 
checks on the reliability of the method when applied to the acid soils 
of the East. 
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Among objections to tlie test p-e ( 1 ) the applied voltage is mneb 
o-reater than those occurring in soil corrosion, and (2) the loss ot 'weight 
is caused bv and is proportional to the current which flows. The current 
is controlled by the resistance of the soil and by polarization, which in 
turn is a function of the current. However, Corfield has shown that the 
same sort of data are obtained when a two-volt battery is used, and the 
decrease in current due to polarization seems to be a characteristic of 
the soil The advantages of the test are ease of manipulation, speed (as 
many tests can be run in parallel), and the extensive correlation that 
has been made with field experience. 



Figure 57 . — Corfield apparatus. 


(e) DENISON CELL TEST 

Denison^s cell test, described on page 181 , was devised primarily for 
stndjdng the general phenomena of corrosion bnt has been used to a 
limited extent to determine the relative corrosivities of different soils. 
The test more nearly simulates actual soil conditions than the tests so 
far discussed and fields more reproducible results. On the other hand, 
it requires greater care, more apparatus and more time than the other 
tests. 


4. VALUE OF SOIL-CORROSIVITY TESTS 

Experienced pipe-line operators can often identify a considerable per- 
centage of the corrosive-soil conditions in a given area, such as swamps, 
alkali knolls, adobe soils, or alkaline soils without tests. The question is 
often raised, therefore, as to whether or not the various tests that have 
been developed for determining the corrosivity of soils are capable of 
reliably identifying a sufficiently greater percentage of corrosive condi- 
tions to warrant their use. Another important question is the relative 
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value of the different tests. At first thought, it might appear to be a 
simple matter to answer these questions by comparing the results of 
laboratory or field tests on individual soils with the amount of corrosion 
observed on pipes laid in the same soils. As a matter of fact, however, 
the problem is not so simple. The results of such a comparison will de- 
pend to a certain extent upon what criterion is adopted for judging the 
amount of corrosion. Maximum pit depths, leaks per unit length."number 
of replacements, or estimated condition of the pipe are the principal 
criteria that have been used for this purpose. The element of time must 
also be taken into account because corrosion does not, as a rule, proceed 
at a uniform rate, and the pipe may not have the same wall thickness 
in different parts of the line. Also, the relative corrosiveness of various 
soils is not the same for coated pipe or with respect to their destructive 
effect on various coatings as it is with respect to bare pipe. In general, 
it can be said that each of the different tests can identify certain cor- 
rosive conditions in the soil but that no single test can identify all places 
where corrosion is likely to occur. Also it is probable that their relative 
effectiveness will differ in different localities. Thus, tests of acidity are 
useless in alkaline soils. Resistivity tests are not very effective if the 
resistivity is high, and Denison found it advisable to modify his method 
when testing muck and similar wet soils. These facts should be kept in 
mind in considering the following comparisons reported in 1939 by 
Logan and Koenig [111]. 

In 1937 the Magnolia Pipe Line Co. uncovered approximately 25 miles 
of 8-inch asphalt-coated steel line in southeastern Texas, measured the 
depths of the deepest three pits on each joint of pipe, and estimated 
the condition of each joint. The soils along the right-of-way were mapped 
according to the methods of the United States Department of Agricul- 
ture. 250 soil samples were taken at pipe depth, parts of which were 
sent to the National Bureau of Standards for test. The resistmty of the 
soil was determined at 200-feet intervals by means of the Shepard re- 
sistivity apparatus. At the National Bureau of Standards, the hydrogen- 
ion concentration, total acidity, alternating-current and resistivity at 
saturation were determined for each sample. The small size of the 
samples made it impossible to run the Corfield test with full-size ap- 
paratus but small-scale apparatus was used that produced the same 
current densities as the larger ax)paratus. 

The Columbia rod test was simulated by placing soil in a cell having 
a copper and a steel electrode. A milliammeter was used to measure the 
current developed. The Putnam test was simulated insofar as determina- 
tion of the potential corrosivity, that is, the current furnished by the 
ceU, was concerned, but this potential corrosivity was not reduced to 
equivalent pit depths by means of Putnam’s curves and equation. 
Therefore, tiie data do not indicate the reliability of the Putnam test, 
as described above. The Denison test was also run according to the 
practice of Denison at that time. 

An examination of the data on the pipe indicated that there was a 
fairly close relationship between the estimated condition of the pipe, 
the number of punctures, the depth of the deepest three pits, and the 
depth of the deepest pit on a joint of pipe. For convenience, the depth 
of the deepest pit was taken as the criterion of corrosion. The data for 
the various soil corrosivity tests were correlated with the condition of 
the pipe as indicated by this criterion. 
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(a) CORRELATION OF SOIL TYPES WITH PIT DEPTHS 

Figure 58 shows the extent to which the soil series and types were 
indicative of soil corrosivity. The cross hatched columns represent the 
averages of all the maximum pit depths in the soil series. The number 
of observations, the standard deviations of the data, and standard errors 
of the averages are shown. Most soil series were represented by two or 
more soil types which are represented by the open columns. Thus the 
figure shows the variations in the corrosiveness of the soil types within 
the series. 
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The standard de^dations show how widely the individual pit depths 
differed. As has been noted, the several soil types of a series usually do 
not differ greatly in corrosiveness. Figure 58 shows that some soil 
series are definitely more corrosive than others. The differences shown 
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are those for soils withiii 25 miles of each other and. do not represent the 
diiferenees between soils in different parts of the country. 

Figure 59 shows the pit depths on sections of pipe^adjacent to the 
spot where the soil was sampled to identify its type. It will be seen that 
the averages of the pit depths on the pipes in the different soils differ 
widely and that some soil tjT)es are much more corrosive than others. 
However, the range in pit depths in any one soil tjT)e is very great. 
This should make it evident that the examination of a smgle joint of pipe' 
in a soil type is likely to give a very misleading idea of the corrosiveness 
of that type of soil. A large number of observations are necessary for the 
determination of the corrosiveness of a soil type or the condition of the 
pipe line in even a single type of sod. 

The descriptions of the soil textures near the top of the figure 59 refer 
to the textures of the soil samples taken at pipe depth. It will be noted 
that these textures of the soil at pipe depth differ from those given below 
in the name of the soil tj^je. This is because the latter refer to the 
textures of the A horizons. The stars indicate the maximum pit depth 
on the pipe nearest the soil sample for which the texture was determined. 

Number of observations 



Figure 59 . — Maximum pit depths on sections of pipe adjacent to places at which 

soil samples were taTcen. 


(b) CORRELATION OF CORROSION WITH FIELD RESISTIVITY 

(1) Shepard^s Soil-Resistivity Measurements . — ^jMeasnrements of soil 
resistivity in the field were made at intervals of 200 feet, by means of 
Shepard’s apparatus. These measurements might be taken as representa- 
tive of soil conditions along ten 20-foot lengths of pipe, and on this 
assumption the resistmty of the soil should be compared with the 
average of the maximum pit depths on the 10 sections of pipo nearest 
the sampling point, as is done in figure 60. The range of pit depths 
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for each value of soil resistivity is so great that it might be thought that 
the soil sample did not represent soil conditions to which all of the 10 
lengths of pipe were exposed. Consequently, a correlation was made 
between the resistivity of each soil sample and the depth of the deepest 
pit oil the joint of pipe nearest the sample. The result is shown in 
figure 61. The correlation is no better than that in figure 60. Each 
figure shows that the average maximum pit depth tends to decrease as 



the resistivity of the soil increases, but that there is a wide range of pit 
depths associated vuth each value of resistivity. Evidently other factors 
affect the pit depths. 

It might be^ thought that the poor correlation between pit depths 
and soil resistmty is obtained because pit depths are not indicative 
of the corrosivity of the soil. Many pipe line operators divide their 
used pipe into classes, or conditions, based on the amount of work 
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required to recondition it. One of these classifications is as follou's.- 
Condition 1, no pits deeper than 120 mils, no repairs required ; condition 
2, pit depths ranging between 70 and 260 mils, not more than 25 spot 
welds required ; condition 3, numerous pits but generally not deeper than 
40 mils and not more than three punctures; condition 4, junk. 

The pipe on which pit depths were measured was cla.ssified on this 
basis and figure 62 constructed. It is very similar to figure 61 and 
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indicates that the two criteria for soil corrosiTity, namelv, mashnum pit 
depths and pipe conditions, are equally good. Figure 63 presents 
another way of studying the relation of soil resistivity to the condition 
of the pipe. The ordinate on the left indicates the number of lengths 
of pipe in each condition and enables one to study the relation between 
individual pipe condition and soil resistmty. The right-hand ordinate 
applies to the average of the pipe conditions (dots) for each resistivity. 
This curve shows little relationship between pipe condition and soil 
resistivity, Since the condition of the pipe was based on the judgment 
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of one or more inspectors and not on measurements, it is not surprisina 
that the assigned condition of the pipe does not accurately represent the 
corrosivity of the soil. 



Condition 



Field resistivity in ohm-centimeters (Shepard apparatus) 

Figure GB. — Halation of the renistivUi/ of the soil to the frequency of occurrence of pipes of conditions I to 1 (left-hand 
(O'dinaie) and to the awratje of the condiiions of the pipes (ritjhi-hand ordinales). 
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(c) CORRELATION OF PIT DEPTHS WITH SOIL RESISTIVITY 
AT MOISTURE EQUIVALENT 

111 \i6Tr of possible differences in soil resistivity due to Vciriatioii in 
moisture content j laboratory tests of the soil samples were made at moi*? 
ture equivalent, ivMeli on the average represents the normal moisture 
content of the soil, to see whether or not this would yield a better 
correlation. Figure 64 shows that the correlation is, if anythin! 
somewhat poorer, but this may be due to the smaller size and number 
ot samples. ^ 



(d) CORRELATION OF OTHER SOIL TEST DATA WITH PIT DEPTHS 

^vith similar results^^K^iLes^eS^md 66°h corrosiveness, 

all methods are simhar^d in^Sefe 

the criteria for soil corresiiren te no close correlation between any of 
soil corrosiveness and pit depths. These graphs ind4te 
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that the results of individual tests are not reliable criteria of soil cor- 
rosiveness. The explanation may be that several factors influence the 
corrosivity of soils and their relative importance differs for dilferent 
soil conditions. 
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Figure 65 . — Comparison of corrosivity of soil as indicated hy the maximum pit 
depths on sections of pipe adjacent to places where soil samples were taken with 
results of various soil tests. 

See key at top of illustration for units for the abscissa. 



Figure 66. — Comparison of corrosivity of soil as indicated hy the maximum 
depths on sections of pipe adjaaent to places at which soil samples were taken with 
results of various soil tests. ^ 

See key at top of illustration for units fipr the.ahscissa.' 
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For most purposes, it is unnecessary to estimate just how deep the 
maximum pit at some spot will be at a given time.^ What is more 
generally needed is a rough estimate of the average relative corrosiveness 
of the soils. All that is attempted by many corrosion engineers is. to 
separate the soils or areas traversed by their lines into four or five 
classes with respect to corrosiveness because it is impractical to provide 
more than that number of degrees or kinds of protection for their lines. 
It can be shown that many of the tests under discussion are fairly 
satisfactory for this purpose. 

Ce) RELATIVE MERITS OF TESTS FOR SOIL CORROSIVITY 

To determine the relative effectiveness of the tests in correctly group- 
ing soils as to their corrosiveness, the range of pit depths was divided 
into five groups. The soil series were divided into five groups on two 
bases; (1) on the basis of the average of the pit depths on the pipe line 
within each series, and (2) on the basis of the average of the maximum 
pit depths on the sections of the line adjacent to the places where the 
soil samples w’ere taken. The range of the results of each soil test 
method was also broken up into five groups. It should be pointed out 
here that the choice of all the group boundaries w^as entirely arbitrary 
and that it is possible that the relative merits of the tests would appear 
different if different group boundaries were used. The apparent effec- 
tiveness of one or all of the tests might also be improved by a better 
choice of group boundaries. Nevertheless, the groupings used will give a 
rough idea of the usefulness of the tests. After the group boundaries 
were fixed, the soil series were placed in the proper groups as indicated 
by the pit-depth measurements and by the results of each test and 
secondary tables were made to show how nearly each soil was placed 
in each test in its proper place as indicated by pit depths. Table 97 
shows four comparisons of the test methods on the basis of the average 
of the maximum pit depth on the joint of i3ipe adjacent to the soil sample. 
Probably because the accuracy of the test results improves with the 
number of samples tested, the table shows that the percentage of the 
pipe line correctly assigned as to corrosion is, for most tests, somewhat 
greater than the percentage of the soil correctly assigned. 

Many pipe line operators would be satisfied if the test came within one 
group of correctly elassifmng the soils as to corrosiveness. Table 97 
shows that all but one of the tests so assigned the soil along at least 
86 percent of the pipe line. The test which was least satisfactory on 
this basis was unsatisfactory with respect to the soil series, which was 
occupied by 34 percent of the pipe line. None of the tests appears most 
satisfactory for determining the corrosivity of all soil series. 

Another similar set of comparisons based on the averages of the 
maximum pit depth on each joint of pipe in a soil series yields somewhat 
higher percentages of correct assignments for most of the tests. Table 98 
shows comparisons of the test methods on two bases for each soil series 
and the relative values of the tests for all the series without regard to the 
extent of series or the number of samples tested. It is interesting to 
note that no one test ranked all the soils correctly or yielded the most 
accurate ranking for all soils. It is also of interest to note that one soil, 
Myatt, was apparently not correctly ranked by any of the tests and most 
of the tests missed the correct ranking very badly. It seems probable 
that the pitting in this soil was affected by some factor other than soil 
corrosivity, since all the tests underestimated its corrosivity, It is 



Table 97 . — Comparison of lest methods on the basis of averages of the onaximum pit depths on the joint of the sped 

adjacent to the soil sample. 


Under gro und C orrosion 


227 




• f^>n(,KllS(KLUU Jo Jit ^'JlUJt.l ,i}ll VI S-IJOS' Jo pUUUihUKUlt l.tOA.in.i 


Circulars of the National Bureau of Standards 


niimip£BnnaloBr^^4 TTT++ 7°S 

pauSissy ooco^co c'^.o : 

rantnpc'Btii ++c^ 

mntapcBtn !^uao'Brp'B^A'g; 7+T+T +7°®+ ++w 

pauSissy ®<=5 .-h^cm »owo(ncc ^oo .' ; 

j inmups'Ettr aS^jaA-B^ ]^g[ 7 +7 TT 

j umrapcBirr g.uaoBfpB^ kg 7+T7T 7-°'^*^+ T'^c5 

3raBj pauSissy oo^rMts-^ cooco^oi cvti^^ : : 

nmtnpcBur alljlfB^kg ++7?° ++®°7 ^ 

q;dap ^td m « ^ ZZ — 

tnnmpeBTn ^nao^fpc kg j I + I 14- ++^'^7 77^ 

3fnBJ pauSissy oorncooo ; : 

mnmpcBni aiSl.vB^kg ”7777'^ 7+77+ ?7co 

qidapTrd — - 

ummvx^m (^naoBfpB kg ^ 777+ 77+7+ +7^5 ^ 

3fxiui pauSissy -h»othmoo (N(mosoo * 

— L__ •■ •■ 

qc^dap aid ZZ-v, a, ^ • 

mrimpcem aSBJaAB kg +777+ 7 7 77^ 2^^ oo 

txininKBm -^paoBf^kg 77777 ®7+77 77^ M 

quBj pauSissy o^o-gos : :’ 


u^dap ltd ~~ziririrzz — ~ — — - ; 

xcninixBra a3Bj0AB kg 7+777 ®7°®7 77-^ ‘- 

nmn ipcBm q.xStovCp’B kg 7+77° 77'^®^ qo ^ 

^spiB-tpsogissy «>««oot- ^OONO cco : 

mnaiUTOi °+7TT V?®®” ■mOj, o 

' ‘I + + <M 


mnomBia: ?T?ai?B7p^^kg 7+777 


HW OOOO oo 


qnBa patiSissy 


<N00Oc^O g^^J^ 


q'l^dap ^Td 5 

tnnrapj'Bta as-BaaAB kg- oi>. a;;;^oo ^o:o<mcs» r-,us 

eS c3’~’ ^ 

1 c« 

q^dap aid ^ 

mnmixBin c^nao-efp-e kg ^hoo^cc coo 


■ : ;!>. aJ 

-S s -aO 

'S ^3 -w 0). 


I «mo3oc ca'-;2«bc>i 

l-=!cqOOU 044;IS 



Vnclerground Corrosion 


229 


difficult to see, however, what outside factor would greatlv affect the 
average condition of the pipes at 10 locations or the avera^'c corrosivitv 
of 10 soil samples. Inspection of the last two lines of table 98 will 
bring out the fact that several of the tests are of nearly equal reliability 
but it seems probable that the relative values of these tests mio*ht be 
different if soils from some other part of the country had been tested 

Although the above comparisons of test data with corrosion are based 
on what are probably the most detailed and specific data available they 
are not entirely satisfactory because of the lack of precision of all the 
classes of data involved. Other comparisons of soil resistivity with pit 
depths on pipe lines have been published by Weidner and Davis [112] 
Fitzgerald [113], Gill and Rogers [114], and Evung [115]. Putnam [52] 
has shown the correlation between the results of his soil testing method 
and the loss of weight and pit depths of the National Bureau of 
Standards specimens, and Denison [95] has made a similar report on his 
method, 

XL DETERMINATION OF THE CONDITION 
OF A PIPE LINE 

1. LOCATION OF CORRODING AREAS ON PIPE LINES 

Soil tests such as those described in the preceding sections are used 
to locate places along a right-of-way where corrosion may be expected 
because of local soil characteristics. 

It has been pointed out that the effects of the soil are modified by the 
way in which a trench is backfilled, by the interaction of adjacent soils, 
by currents picked up by the pipe line, and possibly by other factors. 
After a pipe line has been laid, it is advisable to determine not only if 
it lies in potentially corrosive soil, but also the points wffiere the line 
is actually corroding. Several methods have been dewsed for doing 
this, based on the fact that corrosion is associated with differences of 
potential and a flow of current. 

(a) MEASUREMENTS OF POTENTIALS AND CURRENT 

If the resistivity of a pipe is knomi, the current in the pipe can be 
calculated from the difference of potential between two points on the 
pipe a known distance apart. The measurement of the current in the 
line from point to point provides data that indicate whether the line is 
collecting or discharging current. The discharging areas are those at 
which corrosion is occurring. Contact is usually made by driving steel 
rods into the earth over the pipe. Care must be taken to avoid or correct 
for contact resistance. Measurements of pipe-line currents have been 
described by several authors [97, 116, 117, 118, 119]. 

Usually the potential values are not reduced to currents. ^ If the 
measurements are made between equidistant points, the change in value 
will indicate whether or not the pipe is collecting current. The point 
of maximum corrosion is usually that toward wdiich current flows from 
both directions. The currents are seldom more than a few amperes and 
more often only a fraction of an ampere. Sensitive instruments are, 
therefore, required to measure the drop of potential along a pipe, 
especially if the pipe is large, and care must be taken to avoid spurious 
potentials caused by thermal and other effects. These difficulties can be 
avoided, at the risk of incurring others, by measuring potential gradients 
in the earth either over the pipe or in a direction at right angles to it. In 
such measurements the potentials of the contact electrodes must be con- 
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sidered as well as the contact resistance. If, as is usually the case, the 
resistivity of the soil varies from point to point, the effects of this varia- 
tion must be considered also. 

Mudd [120, 121] has reported success with a combination of current 
and pot entiar measurements. Schlumberger and Leonardon [122] have 
described a method of locating corrosion by observations at the surface 
of the earth and have developed and patented apparatus for this purpose. 
Current flowina: to or from pipes can be measured directly by apparatus 
devised by Pearson [123], Haber [121], and McCollum [125]. These 
devices are of value chiefly in measuring directly fairly large currents 
ill the earth. All the methods and apparatus, except the last two, 
measure the current discharged from a considerable area of pipe and 
disclose only the average current density of the discharge. They, 
therefore, give data for computing the average rate of loss of weight or 
the average rate of penetration but do not show directly w^hat the 
maximum rates are, and it is the maximum rate which determines the 
time required for the development of a leak. 

For small areas exposed to approximately uniform conditions, the 
ratio of the maximum to the average penetration is in the order of 10 
to 1, but for larger areas, such as that of a 20-foot length of 8-inch 
pipe, the ratio may be much larger. In a line with a good protective 
coating, ail the current may be discharged from a very small area 
where the coating has been injured. If the anodic and cathodic areas 
are separated by distances much greater than the distance across which 
the potential difference is observed, much of the corrosion current will 
affect the observation. If the anodes and cathodes are close to each other, 
as on the bottom and sides of the pipe, the total current will not be 
cbserved. 

In general, the computed value of current will be much less than the 
total current and, therefore, it will be insufficient to account for the 
observed corrosion. In addition, the so-called long-line currents have 
been found to change from time to time, probably because of changes in 
soil moisture or aeration. Obviously, therefore, no close correlation 
between corrosion and long-line currents can be observed, and if most 
of the corrosion results from very local circuits, there will be none at all, 
as claimed by Gill and Rogers [114], who also concluded that soil 
resisthity was of no practical value in determining corrosion. These 
conclusions are not in agreement with those of other equally experienced 
corrosion engineers [112, 115]. The disagreement may be accounted 
for partly by the differences in the soils involved, partly by differences 
in methods and apparatus and partly by the standards by which the 
data are judged, and by what the engineers may have in mind as 
alternatives for accomplishing the same purpose. 

(b) COUPONS 

Coupons are small iron or steel plates buried near a pipe line to 
determine the corrosivity of the soil or, if the coupons are connected 
to the pipe, the rate of corrosion of the pipe. They are used in a number 
of ways by different corrosion engineers, and there is a considerable 
difference of opinion as to their usefulness. Schneider [126] cites a 
number of eases of close agreement between pipe life and predictions 
based on the use of coupons. 

A number of theoretical objections to the use of coupons have been 
raised. There may be a difference of potential between the coupon and 
the pipe because of a gradient in the earth or because of rust or mill scale 
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on the pipe surface. The soil surrounding the coupon may not be 
representative of that around the pipe. If current flows to or from the 
pipe or coupon, the current density will not be the same on the two 
because there will be a tendency for current to collect on or discharge 
from the edges and corners of the coupons. If these factors are 
negligible, attached coupons serve a useful purpose as indicators of the 
rate of corrosion of a bare or imperfectly protected line. They can also 
be used to determine whether a line to which they are attached discharges 
or collects current. However, the pipe as a whole might be cathodic and 
still have anodic spots, such as the bottoms of pits. 

2. INSPECTION AS A MEANS OF DETERMINING THE 
CONDITION OF A PIPE LINE 

As it is usually impracticable to examine an entire pipe line periodi- 
cally, the problem of the number and extent of the examinations 
necessary to furnish representative data arises. This question was 
investigated jointly by the American Petroleum Institute and the 
Interstate Commerce Commission. The Commission concluded that for 
the purpose of determining the condition of the line for rate-making, 
iaspeetions of the line at selected places and intervals were unnecessary. 
The decision was reached partly because the cost of an adequate 
number of inspections would be excessive and partly because for rate- 
making purposes obsolescence was considered to be the controlling factor. 
In the ease of one pipe line [127], an agreement was reached that the 
life of new wrought iron and steel pipe would be considered to be 33% 
years and that the life would be increased 3 to 7 years by bituminous 
protective coatings, depending on the number of reinforcing layers. 
The data upon which the agreement was reached were not published. 
Obviously, such a basis would not be satisfactory for determining the 
physical condition of a section of a line in order to decide whether or 
not it requires reconditioning, protection, or repairs. 

Gill [128] concluded, from statistical considerations, that a line 
should be inspected at equally spaced points, and that 2,000 feet was 
the greatest permissible distance between inspection points. Such inspec- 
tions convey an idea of the average condition of the line, but only 
detailed inspection of the data will reveal where corrosion is in progress. 

Logan and Koenig [129] made statistical studies of pit depths on pipe 
lines, including one 200-mile length on which the deepest pit on each 
joint of pipe was measured. They attempted to show the different 
factors affecting the results of inspections, including the space interval 
between the sections inspected, the number of inspections, the location 
of the starting point from which equally spaced inspections were made, 
and the effect of the size of the area inspected on the observed average 
maximum pit depth. 

Each of the first eight columns in figure 67 represents the average 
depth of the deepest pit on each 25 joints (20 feet long) of 8-ineh pipe. 
The inspections were made at 1-mile intervals. The^ different columns 
represent the data for eight different starting points ^ separated by 
%-mile intervals. In two cases the computed average differs from the 
true average by about twice the standard error, whereas, for normal 
data, the probability of such an occurrence is but 1 in 20. It is evident 
that for a comparatively few inspections the starting point may affect the 
data. The next four columns in figure 67 show the results of 4 sets of 
50 inspections of the same line. None of the computed averages differ 
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from the true average by more than the standard error which, of course, 
is smaller than that for 25 observations. The last two columns in the 
figure indicate that the reliability of the average is only slightly 
increased by increasing the number of inspections to 110, i.e., making 
the inspections at l^-mile intervals. This conclusion applies strictly, 
of course, only to the section of the line under consideration. 

Figure 68 shows the effect of the area inspected and of the starting 
point for 30 inspections of a line at 1-mile intervals. As the area 
inspected is increased, the effect of the starting point is decreased, as is 
also the standard error of the average, even though the number of 
inspections is constant. 

The relation between the inspection interval, starting point, and 
number of inspections when the corrosion criterion is the condition of 
the pipe is illustrated in figure 69, supplied by the Stanolind Pipe 
Line Co. The figure indicates, as did figure 67, that if the number of 
inspections is small, the average is affected by the starting point of the 
inspections. 



PiGUSE 67. Effect of the starting point and the number of inspections on the 
observed average of maximum pit depths on sections of a pipe line. 
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Figuse 69. — Effect of method of inspection on apparent condition of a pipe line. 


Inspi^i'tion hitervnh: Inspection data: 

( 1 ) Complete inspection 11.4 miles of pipe line, 

(2) 500 feet Laid in 1914. taken up in 1934. 

(3 and 4) 1.000 feet One 20-font joint of pipe is inspected at 

(5 to 8) 2.000 feet each inspection point. 

(9 and 10) 4,000 feet 

(11 and 12) 5,000 feet 


The relation between the size of the area inspected and the depth 
of the deepest pit and the effect of the area on the reproducibility of the 
data are important considerations in determining how much pipe should 
be exposed at each inspection point and the frequency of inspection 
(%. 70). 

The lower curve is based on data from a 9-year-old 12-inch steel line 
exposed to a heawv^ clay soil, assuming that an inspector started at 48 dif- 
ferent points on the line and first uncovered 1 foot of pipe and measured 
the depth of the deepest pit. The trench was then extended 1 foot and the 
depth of the deepest pit on the 2-foot section was measured. Similarly, 
the depth of the deepest pits on greater lengths up to 20 feet were 
measured. The curve indicates that the average depths of the deepest 
pits increase as the area inspected is increased, but that w^hen a large 
number of observations (48) is made, the standard error of the average 
(one-fourth of the length of the vertical lines) does not decrease very 
nmch. The average of the values obtained by a large number of inspec- 
tions of l-foot lengths is almost as representative as the averages of the 
values obtained on entire joints of pipe. This conclusion would not hold 
if only a few inspections of 1-foot lengths of pipe were made, as the 
pit depth on a length of pipe varies greatly from foot to foot. The upper 
curve indicates that each inspection point would have to include a 
large number of lengths of pipe before the value of the average maximum 
pit depth would become substantially constant. The curve also indicates 
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that when this area is reached, the number of observations require 
foi* a specified de^iee of leproductibility decreases as the area examine 
is increased. 

Logan and Koenig suggested that, since corrosion appears to I 
characteristic of the type of soil to which the pipe is exposed, and sine 
the same type may occur in several places along a long right-of-wai 
the number of inspections necessary for determining the condition c 
the line might be reduced by first identifying the soils traversed by th 
line and then making in each soil only a sufficient number of inspection 
to establish its corrosiveness. In addition to reducing the number o 
inspections, this procedure would furnish data as to the location of th 
sections which need reconditioning or protection. The relation of soi 
types to corrosion has already been discussed and is illustrated in figure 
50 and 51, 


Joints of pipe per inspection (upper cartre) 



Figure 70 . — Relation of area of pipe inspected to the maximum pit depths on 

each area. 


All investigators seem to agree that a large number of inspections 
is esssential to an accurate determination of the condition of the pipe. 
If the number is adequate, the size of the area is unimportant, but the 
number of inspections required for a certain precision of the results 
will increase as the area inspected is decreased. 

The conclusion that pipe should be inspected at equally^ spaced 
distances or with regard to soil types is based on the assumption that 
the condition of the entire line is desired, as for valuation purposes. 
If the operator of the line has had considerable experience with 
corrosion and is interested only in anticipating leaks, he may follow 
the practice of the Susquehanna Pipe Line Co.^ described by Van 
deAVater [130]. This organization inspects its pipe at places where 
abnormal corrosion is likely, such as at low spots, bogs, swamps, and 
highway and railroad crossings. Locations where a leak would be 
p»articuiarly dangerous are also examined. Thousands of places on a 
line extending through Pennsylvania and Ohio have been thus inspected. 
Prom 7 to 10 feet of the pipe are exposed at each inspection point, and 
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from 10 to 15 pit depths are measured. Examinations cost about $10.00 
each and average about $65.00 per mile of line. About 10 percent of the 
line has been p^rotected. This is accomplished by boxing- the pipe and 
filling the box with asphalt. The protected sections range from 20 to 
several hundred feet in length. 

XII. TESTS OF COATINGS 

Various tests have been devised for determining the suitability of a 
coating for a given kind of service or its condition either before or after 
exposure to corrosive soils. In general, they are used to determine thick- 
ness, continuity, electric resistance, or mechanical strength. 

1. METALLIC COATINGS 

The use of metallic coatings underground is not general enough to 
waiTant an extended discussion of methods of test of such coatings. 
The effectiveness of a metallic coating depends in part on its thickness, 
and this factor should be taken into consideration in comparing or 
specif^fing metallic coatings for pipes or tanks. The potential of the 
coating vfith respect to the underlying metal is also important because 
galvanic corrosion may occur if both metals are exposed to the soil. 

Burns and Schuh [30] have described a number of tests that may 
be classified as (1) stripping tests, in which the loss of weight of the 
coated metal is determined after removing the coating, (2) solution 
tests, in which the time required for rust to appear is determined when 
the coating is subjected to the action of certain corrosive solutions or 
sprays, (3) electrolytic tests, in w^hich current is passed from the coated 
metal to a paper in which the anion from the underlying metal is 
precipitated, (4) the chord test, in wdiieh the coating is cut at a definite, 
angle and its thickness measured with a microscope. These tests, with 
the exception of the electrolytic test, are destructive, and their usefulness 
therefore is limited mainly to investigational work. 

2. INSULATING COATINGS 

The principal causes of failures in insulating coatings are faulty appli- 
cation, injuries, pinholes, decay, and distortion resulting from what 
Scott [131] calls soil stress. 

Tests for continuity and resistance have been developed by Ewing 
and Scott [132] . The section to be tested is first wmshed and then painted 
with a slurry of kaolin or iron-free clay and wmter to fill holes, cracks, 
and depressions. A sheet of absorbent paper known to plate printers 
as wiping paper and sometimes sold as pinhole paper is placed over 
the clay and is wrapped with several layers of water-soaked cotton 
flannel 1 foot wide. The pad is held in place by a saddle consisting of 
a framework of copper strips, as shown in figure 71. A 22-volt battery 
is connected between the saddle and the pipe, the pipe being made the 
anode. The circuit is closed until the product of the applied voltage 
and the time in minutes is approximately 100. The paper is then removed 
and washed in a 1-pereent solution of potassium ferricyanide. If 
current^ flows from the pipe through openings in the coating, ferrous 
oxide will be deposited in the paper, which will cause blue spots to appear 
correspoiidiiig to the holes in the coating upon treatment with potassium 
ferricyanide. As the number and size of the spots are indications of the 
condition of the coating, this test is known as the pattern test for coating 



Under (jro u ncl Corrosion 


237 

continuity. Tlie pattern_ test is helpful in locating small pinholes and 
cracks; patterns troni different coatings, however, are not comparable 
unless the resistivities of the waters used and the voltage-time products 
are the same for each coating. 

If the cm lent and voltage supplied by the battery as used in the 
pattern test are observed, the resistance or conductance of the coatino- 
can be calculated, dhe latter is usually expressed as micromhos per 
square foot. Although the conductance measured in this way involves 
the conductances of the pad, paper, and test solution, these are usually 
negligible if the coating is good; there is nothing to be gained by testing 
a coating with an obvious hole. As the range of conductance values of 
coatings is very large, a special instrument, such as that designed bv 
Shepard [74] for measuring them, is desirable. 



Figure 71. — Setup for making pattern and resistance tests of pipe coatings. 

The pattern and eondnctanee tests are, of course, applicable only to 
small areas of coatings after they have l3een exposed to soil or water 
long enough to permit the moisture to pass through any holes in the 
coating. There are two other types of continuity tests that are applicable 
to coated lines and which can be used to determine the condition of 
large areas of coatings. One of these is a high-voltage or spark test 
intended primarily for the detection of pinholes. 

The apparatus, figure 72, consists of a high-voltage transformer, 
or induction coil such as a Ford spark coil, a battery, a current 
interrupter, and an insulated metal brush. One side of the secondary 
of the coil is attached to the pipe and the other side to the brush. The 
battery and interrupter are connected across the primary of the coil. 
As the brush is passed over the surface of the coating a spark will 
jump to the pipe when the brush is over a pmhole or holiday ; the 
sound and flash of the sparks thus locating the flaws in the eoating. 
Clarvoe [133] and Harrell [134] have described such apparatus and its 
use. These detectors have several faults. The operator may skip s^e 
of the coating area. The high voltage may break down the coating if it 
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is applied too long at one spot. The voltage may be too low if the 
coating is verv thick. Most forms of the apparatus do not locate thin 
spots in the coating. If the output of the transformer is high, accidental 
contact with the secondary circuit may cause a serious accident. Such 
holiday detectors have been used extensively and have been instrumental 
in the production of better coatings. Their use is specified in many con- 
tracts for coatings. Recently, Stearns [135, 136] patented an improved 
form of detector that travels over the pipe in such a way that the missing 
of a pinhole is unlikely. The apparatus operates a counter, lights a 
colored light, and rings a bell whenever a spark jumps to the pipe. The 
voltage of the apparatus can be controlled. After a spark has passed, the 
high voltage is cut off for 1 second. 



Figure 72. — Apparatus for locating pinholes in 'bituminous coatings. 

It consists of a Ford spark coil, dry batteries, and a metal brush with an insulated handle. 


Althougli the use of a holiday detector may insure the application of 
a continuous coating, it does not insure a continuously coated pipe, 
because the coating may be injured after the test especially in the course 
of laying the coated pipe. In addition, the coating may be punctured by 
roots, as illustrated in figure 73, or it may crack after it is in the ground. 
The apparatus described by Pearson [137] is therefore of interest. A 
1,000-cycle battery-driuen hummer is connected between the coated pipe 
and a rod driven into the ground a 100 feet away. Most of the current 
that passes from the pipe to the ground rod must flow through holes 
in the coating. This results in an increased IR drop of potential in the 
soil opposite the holes. The disturbed earth potential is located by two 
men 20 feet apart, one of whom carries an amplifier and indicating 
meter, the other man providing the gTound connection. Each man has 
steel cleats on^ his shoes, connected in the first case to the amplifier 
shielding and in the second ease to the amplifier input by means of a 
shielded cable. They walk along the pipe line as nearly over its center 
as possible. When either man passes over a hole or poorly insulating 
spot in the coating there is an increase in the defiectioii of the indicating 
meter and in the sound in the earphones in parallel with the meter. 
Although the use of the apparatus requires some experience, its effective- 
ness has been demonstrated by several users. Pearson [137] has 
published details concerning the design and use of the apparatus. It 
will locate individual pinholes and other openings in an otherwise good 
coating or areas of poor coatings if pinholes or carbonized particles are 
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too numerous to make a single defect outstanding. In this article 
Pearson also describes a method for measuring the resistance of a eoatin-r 
on a pipe line without uncovering the line. 

In order to compare the ability of different coatings to withstand 
soil stress, Ewing _ [109] constructed an outdoor soil box in which the 
conditions pioducing the stress could be simulated. The box, about 1 



A 



Figure 73 . — Coatings injured ly roots. 

A,, Hoot beneath, a ragr-felt-reinforced asphalt coating; B, grass roots in and beneath a lO-year-oId 
asbestos-felt shielded coal-tar enamel coating on a pipe line in OMahoma. 

foot in depth was constructed of porous brick supported above the 
ground to provide the greatest possible surface for evaporation. The 
specimens under investigation were first subjected to the pattern test 
and then buried in the box so that there was about 6 inches of dry soil 
above the specimens. Since the available soil did not have a sufiScient 
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volume shrinkage bet^veen saturation and complete dryness, it was modi- 
fied by the addition of about 1 percent by weight of sodium carbonate 
(washing soda) which increased the shrinkage from 28 percent to about 
53 percent. By alternately wetting the soil and letting it dry, the sam- 
ples were subjected to a number of cycles of stress and then examined. 
Soft coatings were found to be distorted, but not so much as some speci- 
mens observed in field tests, probably because the soil in shrinking tended 
to pull away from the sides of the box instead of from the coating. There 
is a difference of opinion as to whether the distortion results from a puU 
when the soil shrinks or from pressure when the soil swells as it absorbs 
moisture. 

Ewing also tried impact tests by dropping a steel ball weighing 1.65 
pounds from various heights and noting the minimum height at which 
a failure was produced as indicated by an electrical test. He found that 
the test, as he applied it, involved several variable factors difficut to 
control. 

3. TESTS OP COATING REINFORCEMENTS AND SHIELDS 

To reduce distortion of bituminous coatings by clod pressure, pipe 
movement, and soil stress, the bitumen is frequently reinforced by a 
spiral wrapping of fabric, which may be an open-mesh woven cotton 

Table 99 , — Character of pipe-line fabric materials and results of hreaTcing tests. 


No. 


Description of material 


14- Ib. asbestos felt, asphalt-saturated. . 

15- lb. asbestos felt, asphalt-saturated, . , 

15-Ib, asbestos felt, tar-saturated 

14- lb. asbestos felt, tar-saturated 

Same as 1 'svith bakelite resin saturant. 

15- lb. asbestos felt, tar-saturated 

15-lb. asbestos felt, grease-saturated 

15-lb. rag felt, asphalt-saturated 

30-lb. rag felt, asphalt-saturated 

30-lb. coated rag felt, asphalt-saturated. 

40-Ib. coated rag felt, asphalt-saturated . 

1 5-lb. rag felt, tar-saturated 

30-lb. rag felt, tar-saturated 

PoljTnerized resin shield 

Polymerized resin shield, paper-backed . 

16 ■ Cotton fabric with rot inhibitor, grease-saturated. , . 

17 Cotton fabric 'ndthout rot inhibitor, grease-saturated. 
IS ; Woven asbestos fabric, open weave, tar-saturated. . . 

19 , Cotton fabric, asphalt-saturated 

20 ; Cotton fabric, tar-saturated 

21 Coir fiber, close weave 

22 Burlap 

23 Manila fiber 

24 Manila fiber, creosote-treated. 

25 Hemp 

26 Sisal. 


Weight 

Ratio of 
strength of 
bottom half 
of specimens 
Thickness after exposure 

Ib/lOOft^ 

13.9 

Mils 

26.7 

of 301 days 
to original 
strength! 

0.88 

17.0 

28.1 

.87 

14.6 

29.5 

.49 

13.7 

27.4 

.745 

12.4 

25,9 

.48 

15.1 

2S.7 

.93 

15. S 

28.6 

.445 

17.3 

41.6 

.21 

32.3 

69.8 

.22 

30.2 

55.2 

.25 

47.4 

96.8 

.26 

15.5 

40.4 

.00 

26. S 

65.2 

.07 

5.5 

10 . 5 

.12 

9.3 

19.7 

.105 

8.7 

21.0 

.11 

8.0 

18.0 

.0 

21.5 

73.0 

1.37 

8.05 

32,7 

0.00 

8.25 

33.7 

.00 

22.0 

97.7 

.00 

7.8 

26.0 

.00 

25.4 

111.1 

.00 

.16 

46,5 

188.1 

.00 


214.7 

.00 


^ Based on average strength after soaking. The measurements of February 1934 and January 1935 
were used. 

fabric of the Osnabnrg type, burlap or bitumen-saturated rag, or asbestos 
felt. This wrapping may be covered with bitumen, in which case it is 
called a reinforcement, or it may be left exposed directly to the soil, in 
which ease it is called a shield. 
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To determine the effect of soil, or rather of soil bacteria, on these ma- 
terials, Scott and Ewing [138] exposed 26 varieties of these materials to 
a soil obtained from the flood plain of a river near Washington. Strips 
of the materials were buried in boxes of the soil, which wL saturated 
at intervals of 1 month. Table 99 shows the character of the materials 
tested and the strength of the materials after 301 days of exposure in 
terms of their original strengths. It indicates that all the organic ma- 
terials deteriorate when exposed to soil bacteria. The materials were 
exposed directly to the soil, and some were not impregnated with bitumen 
or treated to resist rot. In ser^dce, they might be saturated with bitumen 
and covered by a fairly thick layer of this material. Under these condi- 
tions, they should last much longer. 

When Ewing [139] removed the first set of AGA specimens of coat- 
ings, he desaturated the fabrics and then determined their strength. He 
observed little or no deterioration of the fabrics saturated with coal tar 
after 9 months of exposure to organic soils, but the organic fabrics in 
asphalt coatings had deteriorated. He found also that the rotting de- 
creased with increased thickness of the asphalt over the fabric, and that 
muck soils were the most destructive to the fabrics. 

XIII. PREVENTION OF CORROSION 

The investigations reported in Section XII were carried out to obtain 
data on the relative corrosiveness of various soils, the relative resistance 
to corrosion of various materials commonly used underground, the in- 
fluence of various factors other than the inherent corrosiveness of a given 
soil on the rate of corrosion of a material buried in it and to develop 
methods preventing or minimizing losses due to corrosion. The protec- 
tion to use in a given ease is dictated by economic considerations and 
depends upon a variety of factors. If obsolescence is an important factor, 
the added expense involved in protecting a pipe line so that it would last 
a very long time might be unjustified. In any event, the increased cost 
of any protective measure which might be adopted, including the annual 
charges on the increased cost, should be balanced against the cost of 
replacement or repairs. Special protection may be unnecessary or unduly 
expensive in soils that are only mildly corrosive. On the other hand, 
more severe conditions may require some protective measures, such as 
the use of corrosion-resisting materials, special treatment of the soil, 
protective coatings or cathodic protection. 

1. MATERIALS SUITABLE FOR USE IN MILDLY 
CORROSIVE SOILS 

According to the data presented earlier, the different ferrous alloys 
commonly used in pipe corrode at approximately the same rate. In some 
soils wrought iron has a tendency to corrode somewhat more uniformly 
or to show a slightly lower average penetration than other metals. In 
a few alkaline soils, cast iron appears to have a somewhat higher rate of 
penetration, but this may be compensated for to some extent by the 
strength of the corrosion products. The differences, however, are not very 
great. From this, it would appear that, at least in mildly corrosive soils 
in which bare pipe would ordinarily be laid, the thickness of the pipe 
wall is more important than the material of which the pipe is made. 

If a pipe line is to be laid in a soil that is only mildly corrosive, the 
length of service will depend primarily upon the wall thickness of the 
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pipe. In some soils (table 51) a iiglit-weight steel pipe will render many 
years of service without a leak. Under such conditions, a pipe only 
hesivj enough to withstand the internal and external pressures with a 
reasonable factor of safety may prove to be the most economical. 

The pit-depth-time factors (table 51) indicate that a moderate in- 
crease in wall thickness of a pipe may be expected to greatly increase 
its useful life in many soils. Figure 16 and curves plotted from the 
pit-depth-time equation show the required wall thickness for a given 
average pipe life before puncture and indicate that in many soils it is 
practicable to obtain long service life by means of a moderately thick 
pipe wall. Such curves are based on average values and considerably 
thicker pipe walls should be used if entire freedom from punctures is 
desired. It may not be economical, however, to use a very thick pipe in 
order to secure a long life. Obsolescence and the annual charges on the 
increased cost of the longer-lived pipe may outweigh the advantage of 
the longer service. 

2. CORROSION-RESISTANT MATERIALS 

Various attempts have been made to reduce losses due to corrosion in 
the more corrosive soils by the use of noncorrodible or corrosion-resistant 
materials. Many early water pipes were made of board logs and, later, of 
pipes made of wood staves held in place by metal bands. If kept con- 



rieCEE U.— Relative loss of weight and penetration of wrought ferrous specimens. 
Low carbon steel=100 percent. 

pipes often last for many years, but under some 
aS^bieS P^P®® leak badly and the metal bands corrode 


Cement and concrete, usually reinforced ■with steel, have been em- 




Underground Corrosion 


243 


ployed extensively for water, especially for large volumes at low pres- 
sures. For many years in Europe, and more recently in the United 
States, pipes made from a mixture of cement and asbestos have been 
used. Some data on this type of pipe were given earlier (page 128), but 
they do not cover a sufficient period of exposure to warrant definite con- 
clusions, although they appear to be satisfactory from the corrosion 
standpoint. For sewers and drains, virtified tile is satisfactory as far 
as corrosion is concerned. 

In most soils, copper and copper-rich alloys corrode much more slowly 
than iron or steel and the corrosion is more uniform. There are not 
enough data to indicate definitely how the rate of corrosion in copper 
and copper alloys varies with time, but apparently the rate of corrosion 
becomes nearly constant after a short time if the soil conditions do not 
change. If copper or copper alloys are used in conjunction with ferrous 
materials, they should be connected by insulating joints to prevent ac- 
celerated corrosion by galvanic action. Muntz metal (60% Cu, 40% Zn) 
is unsuitable for service in many soils on account of dezincification, but 



Figtjee 75 . — Average of maximum pit depths on ferrous pipes removed from Merced 
clay adobe after an exposure of 3 years. 


corrodes less rapidly in tidal marshes, even though it is subject to some 
dezincification. Lead pits badly in a few soils, but corrodes little in 
others, especially those containing sulfates. ^ n -i, aa‘ 

Ferrous metals can be made more resistant to corrosion by the addi- 
tion of certain alloying elements, such as copper, chromium, or nieke , 
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It has beea found, however, that small additions of these elements are 
not effective for underground service. This is shown in figure 74. Steels 
containing appreciable percentages of chromium and nickel corrode very 
little undei'gTOund (fig. 75). Except in a relatively few soils, cast iron 
containing 15 percent of silicon does not corrode appreciably but urn 
fortunatefy this alloy cannot be easily machined or welded. The use of 
ply metal, that is, corrodible metal surrounded by a thin layer of cor- 
rokon-resistant material, such as copper or stainless steel, has been sug- 
gested. One such material was included in the National Bureau of Stand- 
ards tests, but little or none of this material is in service underground. 
Copper-clad steel is quite generally used for ground rods and similar 
purposes. As suitable corrosion-resistant materials are expensive, it is 
usually more economical to employ other means for reducing losses due 
to corrosion, with the exception perhaps in the case of small-diameter 
pipe or when corrosion might result either directly or indirectly in 
serious losses, 

3. SOIL TREATMENT 

Soil treatment may consist in (1) the addition of chemicals to neu- 
tralize the corrosive properties of the soil or to accelerate the formation 
of protective films, (2) the replacement of corrosive soil next to the pipe 
by less corrosive soil, or (3) drainage. 

Attempts to prevent corrosion by the neutralization of the corrosive 
properties of the soil are based largely on a misunderstanding of the 
chief cause of underground corrosion. Only a very few soils are chemi- 
cally corrosive. To be effective, an added chemical must be in solution 
and in this condition it will be rapidly removed from the neighborhood 
of the pipe by diffusion and the movement of water in the soil. Hydrated 
lime and ground limestone are the chemicals most commonly used, be- 
cause they are moderate in price and only slightly soluble. To minimize 
losses by diffusion, Grodsky [140] proposed to surround the pipe with 
a waterproof membrane and place soil mixed vdth sufficient lime or other 
agent to neutralize its acidity between the membrane and the pipe. 

The use of lime has been stimulated by the observation that, fre- 
quently, pipes in soils containing lime are coated with a thin scale of 
calcium carbonate and that the pipe beneath this scale is not seriously 
corroded. There appears to be little available information as to the ex- 
tent of the use of lime to neutralize soil in trenches or of the success of 
such use. The Dutch Central Corrosion Committee [6] reports the ex- 
amination of a 9~year-old pipe laid in a bog. The pipe was surrounded 
by a layer of sand to which lime had been added. Analysis of the sand 
showed that it contained 5.1 percent of CaCOs and had a pH of 7.9. 
The pipe was not corroded, except at a point where the sand w^as no 
longer in contact with the trench. 

lYichers [141] made extensive studies of underground corrosion in 
Groningen, Holland, and suggested three methods of improving soil 
conditions: (1) using impermeable earth for the upper layers of the 
trench and drainage where necessary, (2) kneading plastic clay or loam 
aroimd the pipe, and (3) surrounding the pipe with sand or earth neu- 
tralized with lime. Clay and sand have been used to surround short 
stretches of pipes in the United States, especially when the pipe passed 
through made ground containing cinders. The practice is not general 
and no definite results have been reported but no doubt these materials 
are less corrosive than cinders and rubbish. More often a heavy bitu- 
minous coating or one of concrete is used for such conditions. 
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4. PROTECTIVE COATINGS 

The most common method of reducing losses due to corrosion under- 
ground is by the application of some form of protective coatino*. The 
coatings ordinal ily used on the larger pipes are noninetallic, but zinc- 
coated (galvanized) pipe is extensively used in the smaller sizes espe- 
cially for water services. ^ ^ 

Kelly [142] states that approximately half of the steel pipe currentlv 
in service is protected by some form of coating, and that 80 percent of 
such pipe is covered with a tar-base coating. Excepting the dip coating 
applied to nearly all cast-iron water mains, the most commonly used 
coal-tar coating is an enamel made by adding finely divided inert ma- 
terial to coal-tar pitch. Coatings of concrete or grease are also used 
to a certain extent. 

(a) CONCRETE 

Concrete and cement-motar coatings have been used extensively by 
certain pipe line companies when corrosion is very severe. The earlier 
cement coatings were applied after the pipes were in the trenches by 
placing boards 1 to 2 inches from the pipe and filling with mortar. Some- 
times no board was placed beneath the pipe, and occasionally mud was 
forced ahead of the mortar and into contact with the pipe. This" ultimately 
resulted in leaks, and in some eases, the concrete cracked longitudinally. 
One company has [143] developed a metal form which is put around the 
pipe above the trench. This is filled with concrete and removed a day 
later, when the concrete has set. This method makes it possible to use 
a relatively thin coating, thus reducing the cost. Concrete applied to 
pipe by means of steel forms was tested at site V of the API coating 
tests. Twenty feet of pipe beneath this coating was examined after 10 
years. The maximum pit depth was 24 mils and the average on each 
1 foot of pipe, 5 mils. The maximum pit depth on 10 feet of adjacent 
bare pipe was 50 mils and the average 38 mils. The 10-year-old API 
coatings examined in 1940 included 170 feet of asphalt emulsion shielded 
by cement mortar having an average thickness of 0.419 inch. Sixty-one 
1-foot sections of the pipe beneath this coating were pitted. The depth 
of the deepest pit was 107 mils. It has been stated that the alkali in the 
concrete makes the pipe beneath it cathodic with respect to adjacent 
uncoated pipe and, therefore, accelerates the corrosion of the bare pipe. 

The deepest pit on any of the uncoated pipe at site Y was 65 mils and 
the average of the deepest pits on 13 uncoated 8-foot sections was 49 
mils. These data do not support the theory that the coating accelerates 
the corrosion of adjacent bare pipe. If such a phenomenon should exist, 
it could be overcome by the use of insulating joints at the ends of the 
coated sections or the application of an insulating coating, such as coal- 
tar enamel, to a few feet of the line adjacent to the cement coating. 
Another solution would be the application of the coating to the entire 
line. It will be noted that the concrete was not sufficiently alkaline to 
prevent corrosion of the metal beneath it. 

Occasionally, a condition occurs where it is not convenient to remove 
the pipe from the trench for the application of a bituminous coating or 
where the weather is such that it is difficult to keep the pipe dry over a 
sufficient period to permit the application of a hot bituminous coating. 
In such a case, or if local labor unfamiliar with handling bituminous 
coatings has to be employed, concrete may be the best coating to use. 
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(b) GREASE COATINGS 

Grease with or without an added inhibitor, such as a chromate, has 
been used extensively by several pipe line operators. Usually the grease 
is protected by a coat of wax or by a wrapper of fabric or metal foil 
Greases have the advantages that they can be applied cold by hand to 
a pipe which is not dry and that they tend to flow and so to heal any 
small openings in the coating. They have been used successfully under 
wet soil conditions. Bredberg [144] has written an interesting descrip- 
tion of such an application of grease. 

(c) BITUMINOUS COATINGS 

The various kinds of bituminous coatings can be divided into two 
general groups — asphalt base and coal tar base. Each base has cer- 
tain characteristics that make it preferable to the other, but each has 
some characteristics that are objectionable. ‘Within each group, the 
materials vary so greatly that it cannot be said that one base ma- 
terial is superior to the other. In general, the asphalt-base materials 
are less susceptible to shock and changes in temperature, but they tend 
to change more and to absorb or transmit more moisture than the coal- 
tar-base materials. The so-called plasticised coal-tar enamels are more 
nearly like the asphalts in their response to changes in temperature, but 
the range of temperatures within which they can be successfully applied 
is smaller than that of the older enamels. 

The fundamental requirements of a satisfactory bituminous coating 
are permanence, continuity, and low electric conductance, but certain 
other characteristics are necessary for a satisfactory coating. The hard- 
ness or softening point, as measured by standard ASTM methods, should 
be as high as is consistent with freedom from cracking and satisfactory 
application, and this will depend on the character of the bitumen, the 
method of application, and the season and the locality where the coating 
is applied or used. Continuity depends mostly on the care with which 
the coating is applied to the pipe, but ultimately it will be afl:ected by 
the resistance of the coating to cracking and cold flow^ under pressure. 

Man}^ bituminous coatings have a high coefficient of expansion and 
should be protected against large rapid changes in temperature. High 
dielectric strength, that is, ability to withstand high electric potentials, 
is not in itself important, but the coating should have a low conductance 
or high resistance to low potentials. The fact that a coating when applied 
to a pipe will withstand several thousand volts has little significance ex- 
cept as an indication that the area tested is free from pinholes. Measure- 
ment of electric resistance after exposure to water for several months 
is a better test. 

Adhesion of the coating to the pipe has often been stressed. Its im- 
portance lies in the fact that if the coating does not adhere, wmter enter- 
ing at one point will spread beneath the coating, and the resulting cor- 
rosion may lift the coating and expose still more pipe to corrosion. 

Probably the best way to secure continuity and long life for a bitu- 
minous coating is to use multiple applications. If a reinforcement is used 
to obtain thickness, it should be of inorganic material. It has been shown 
that organic fabrics exposed to moisture may rot. A stiff permanent 
wrapper will distribute the pressure on the coating and reduce distortion. 
A light bitumen-saturated asbestos-felt wrrapper is not sufficiently rigid 
to prevent distortion of soft bituminous coating and may be penetrated 
by grass roots. Figure 73 A, shows a root that has penetrated an asphalt 
coating reinforced by two layers of rag felt. Figure 73B, shows grass 
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roots ill an asbestos-felt wrapper applied to a coal-tar enamel. These 
figures are of interest because they indicate that sufficient moikure to 
permit plant growth penetrated the bitumen-saturated wrappers. Figure 
3 shows the distortion of a rag-felt-reinforced asphalt coating exposed 
to a heavy clay soil that cracked on drying. The figure also shows cracks 
in the coating, which may be the result of soil movement or of deteriora- 
tion of the bitumen. Figure 76 shows a cotton-fabrie-reinforeed-asphalt 
coating that cracked badly, probably because of evaporation of volatile 
constitutents. In the same figure is shown a coal-tar-pitch coating that 
fiowed from the top of the pipe. The resulting corrosion was much more 
severe than on nearby uneoated pipe. 




!Figtjee 76 , — Examples of faUure of pipe coatings. 

A., Cotton fabric reinforced asphalt coating — ^note cracks; B, a coal-tar coated pipe from which 
the coatings flowed because it was too soft. Soil — tidal marsh. 


Any specification for bituminous coatings should include a Mgfi-Tolt- 
age test of the bitumen before reinforcement or wrapper is applied to 
the coating, if this is practicable. Care should be taken that every part 
of the coating is brought into intimate contact \Yith the brush or other 
terminal of the high-voltage circuit. If the pipe has been transported 
after coating, it is advisable to test the coating again just before it is 
placed in the trench. Great care should be taken to see that the bottom 
of the trench is free from stones and foreign material and that such 
materials are not allowed to come in contact with the coating when the 
trench is back-filled. Care should also be taken to see that the coating is 
not injured by skids, chains, or other tools used in laying the pipe, as 
faulty application and accidental injuries are the most common causes 
of coating failures. 

An inspection of the coating by means of the Pearson [137] apparatus 
a year or so after the pipe is laid will show whether or not the coating 
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has been properly applied and handled. Subsequent inspections by the 
same method will indicate the progress of co.^ting deterioration, if any. 

The American Water Works Association [145] has prepared specifica- 
tions for coal-tar enamels for use under different conditions. They are 
not suitable, however, for coal-tar enamels of the older types or for 
asphalt-base coatings. The tests include softening point, percentage and 
fineness of filler, specific gravity, penetration, high-temperature, low- 
temperature, and impact tests. Only experience will show whether or 
not the use of these specifications will insure a good coating material, 
but they are certainly a step in the right direction. 

It frequently has been said that as a result of the API tests great im- 
provements in pipe coatings were made. It is of interest, therefore, to 
consider the type of coating selected by the War Emergency Pipe Line 
[146], an organization composed of prominent pipe line operators, for 
the most important pipe line in the United States. Most of this line re- 
ceived a coat of coal-tar primer followed by a coat of coal-tar enamel 
and a wrapper or shield of asbestos felt. The coatings were machine 
applied at the right-of-wmy and have an average thickness oi %2 inch. 
Most of the line wms not electrically tested for pinholes. The reason for 
the choice of this type of coating is not entirely clear, but it may have 
been influenced by the exigencies of the situation — availability of ma- 
terials and machines, ease of application, etc. Whether or not the choice 
was a wise one will not be known for a decade or more. The Products 
Line [147] constructed by the same organization, was similarly pro- 
tected. However, it was triple-coated and wrapped at river crossings. 
In the w'et, corrosive soils of the Gulf Coast area, some of the feeder lines 
were coated with an asphalt mastic coating similar to coating 0 in the 
API tests but which was applied by a somewhat different machine, which 
extruded the mastic around the pipe without seams. 

As previously noted, one company protects its 6-inch gasoline lines 
by enclosing the sections exposed to corrosive soils in a cypress box with 
a 2-inch space between its sides and the pipe. The pipe is supported by 
porcelain blocks. The box is lined with roofing paper and filled with 
asphalt. The expenses of this treatment of short sections of pipe is 
thought to be less than cathodic protection, and is preferable because 
less attention is required. 

Another large pipe line operator [148] uses a petroleum asphalt 
applied at the site by machine and shielded by a spiral wrap of asbestos 
felt. The thickness of the coating is %2 inch. Sterling [148] reported 
that after 13 years a pipe coated with asphalt and asbestos felt was in 
excellent condition, whereas unwrapped sections of this pipe were almost 
beyond recovery, many joints having from 15 to 18 penetrations. 

Thomas [149], who for many years has taken a leading part in the 
development of the pipe coatings in Australia, reports that the following 
coating has been adopted for the protection of large- diameter water 
pipes in Melbourne: 

Pitch, vertical retort, gasworks ; softening point 

1 t-i O X' 


170° to 180° F 34 % 

Tar, horizontal retort, gasworks, crude ! . ! 26% 

Limestone (200 mesh) 20% 

Steatite (200 mesh) 14% 

Asbestine r% 


Melting point of enamel, ring and ball, 175 ° F. 

Working temperature for application, 450° to 500° F. 
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It may be noted that the percentage of filler is higher than that 
ordinarily used in the United States and that much of it is limestone 
Most specifications in this country require an inert filler, and some pro- 
hibit tlie use of calcium carbonate and slacked lime. Eag felt is used as 
a shield because asbestos felt is not manufactured in Australia. 

Elaborate apparatus has been deYeloped for the application of the 
enamel to the inside and outside of pipes. For the outside coating, two 
layers of enamel are applied after which they are spark tested, alayer 
of rag felt is then applied and flooded with a third coat of enamel. 
Finally, the coating is whitewashed. The thickness of the coating is 0.24 
inch. The interior coating is spun on to a thickness of 0.1 uieh. 

Apparently, asphalt is preferred in Holland, as the Dutch Corrosion 
Committee [3] has issued detailed specifications for the testing and ap- 
plication of asphalt coatings in several thicknesses. Kieselguhr, clay, 
gypsum, or other water-soluble salts must not be used as fillers. Asphalt- 
saturated wool felt and impregnated jute are specified as reinforcing 
materials. Four degrees of protection are specified — 

1. Light protection (not to be applied to steel pipes) : 

A. A coat of blown asphalt. 

B. A wrapping of waterproof paper to protect the coating against 

damage during transport and laying. 

2. Moderate protection : 

A. Priming coat of blown asphalt. 

B. Topcoat of filled asphalt with or without a protective wrapper. 

3. Heavy protection : 

A. Priming coat. 

B. Topcoat of filled asphalt 

C. Reinforcement — jute or wool felt. 

D. Protective coat of filled asphalt. 

4. Very heavy protection : 

A. Priming coat. 

B. Topcoat of filled asphalt. 

C. Reinforcement; impregnated coir cloth or impregnated as- 

bestos felt. 

D. Protective coat of filled asphalt. 

E. Paper wrapping. 

F. Straw cord wrapping. 

Little information has appeared as to the effectiveness of the newer 
pipe coatings, partly because a decade or so must elapse under most soil 
conditions before corrosion becomes serious even on poorly coatecl pipe, 
and partly because sponsors of coatings are averse to the publication of 
results that do not meet their expectations. Furthermore, the shortage 
of manpower has prevented any inspections of coatings that could be 
postponed. . 

Rogers [150] has reported some data on new enamel coatings. One 
coating consisting of an enamel and asbestos-felt wrapper showed a 
resistance of from 400 to 9,000 ohms per linear foot of pipe after 1 
and changed little during the next 2 years. A second machine-applied 
enamel shielded with asbestos felt and applied in 1940 had an initial 
resistance of 67,500 ohms per foot. After 14 months the resistance ranged 
between 375 and 11,000 ohms per foot. Another machine-applied 
showed nearly a uniform resistance of 6,200 ohms per foot after r /2 
months. The same materials, hand-applied to another section ot line, 
showed resistances ranging between 3,875 and about -00 ohms per oo 
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after 15 months of exposure. Three interesting facts are shown by the 
data. During the first few months after burial one 4,000 foot section 
of one coating dropped from a very high value of resistance to a mini- 
mum of 400 ohms per foot. After the initial drop in resistance the coat- 
ing showed little change in resistance. The resistance of the coatings 
differed greatly at different sections of the line. 

Similar data w^ere reported by Hadley [151]. A section of an 8-inch 
steel line laid in a dumping ground was protected by three coats of coal- 
tar enamel, shielded by wrappers of asbestos felt and kraft paper, ma- 
chine applied. The thickness of the coating was %g The line was 

divided into 2,000-foot sections by insulating joints. Extreme precau- 
tions were taken to insure a perfect coating and high insulating joint 
resistance. To prevent injury by the back-fill, the pipe was surrounded 
by a layer of sand. Test wdres were brought out from each section of 
the pipe. 'When installed the average resistance of the coating on 14,300 
feet of the pipe was 94,000 ohms per linear foot. At the end of 3.8 years 
the average resistance of the same sections was 9,300 ohms per foot. 
Initially, the maximum resistance of one 2,000 foot section was 429,000 
ohms per foot. The final resistance of this section was 2,600 ohms per 
foot. One section had a resistance of 536 ohms per foot after 3.8 years. 
Most of the changes in resistance occurred between the third and the 
ninth month of exposure. 

At the 1944 convention of the National Association of Corrosion Engi- 
neers, Hugo [152], in describing the use of the Pearson coating-tester, 
reported that an inspection of about 150 miles of an asphalt mastic coat- 
ing, most of which was about 1 year old but with 11 miles of 3%-year-old 
coating, disclosed 80 electrical imperfections. Eleven of these were ex- 
amined and five ob\ious coating injuries were found. At six points the 
imperfections were not visible. A similar test of 45 miles of asbestos- 
felt-shielded coal-tar-enamel coating of about the same age revealed 36 
electrical leaks, 3 of which were examined. One defect was a large holi- 
day beneath the wrapping ; the second was a puncture of the coating by 
a ring from the pipe left in the trench ; the third was a defective patch 
with the water beneath it. It will be noted that all of these failures -were 
the results of poor inspection rather than of poor coating materials. 

McCabe and Hull [153] reported that a test of 35,000 feet of 7-inch 
mastic-coated pipe showed an average resistance to ground of 500,000 
ohms per linear foot about 6 months after it was placed in the ground. 
This may not have been a sufficiently long exposure to allow the coating 
to reach its minimum resistance. 

As no one t^^pe of coating is superior to all others under all conditions, 
it is usually best to choose the type that can be most easily applied under 
the eireiimstanees, because poor application is one of the chief causes 
of unsatisfactory performance. 

XIV. CATHODIC PROTECTION 

Hntil comparatively recently, the methods discussed in the preceding 
sections were the ones commonly employed for the prevention or mitiga- 
tion of underground corrosion. More recently, however, the method 
laiown as cathodic protection has been applied, and its use is growing 
rapidly in practice.^ Fundamentally, cathodic protection consists in im- 
pressing electromotive forces on an underground structure through aux- 
iliary anodes in such a way as to make the entire structure cathodic with 
respect to the adjacent soil, Although this procedure does not eliminate 
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corrosion, it transfers the corrosion from the protected structure to the 
auxiliary anodes, which are more easily and economically replaceable 
This method does not prevent direct chemical attack, which is ordinarily 
negiigible. 

The use of zinc as an anode for the protection of ship bottoms, boilers, 
and similar structure has been practiced with varying degrees of success 
for many years. Also, a system of cathodic protection Imown as ''pipe 
drainage” [19] has been used to protect pipe lines from corrosion due 
to stray currents from street railway systems. The beneficial effects were 
not fully appreciated, however, until the street railways were abandoned. 
In 1932, Scherer [154] reported that 26 companies were operating 542 
cathodic protection units to protect 2,006 miles of pipe. Since that time, 
the number of miles of pipe so protected has considerably increased. 

1. GENERAL PRINCIPLES 

Theoretically, it should be possible to stop eleetroljdic corrosion by 
bringing the buried metal to such a potential with respect to the adjacent 
soil that no current flows out of the surface of the metal. Practically, 
however, neither the metal nor the soil can be made an equipotential 
surface and current will leave certain elements of the surface of the metal 
even though the average value of the current is zero. In order for all 
parts of the metal surface to be cathodic, therefore, the applied voltage 
must be great enough to cause a certain amount of current to flow into 
the protected metal surface. From the economic point of view, the cur- 
rent should be no greater than the minimum necessary to afford com- 
plete protection. Excessive current involves an unnecessary expenditure 
of energy and excessive consumption of anode material. The latter loss 
might be avoided by the use of noncorrodible anodes but this is generally 
not feasible. 

2. CRITERIA OF PROTECTION 

The most difficult problem in connection with the application of cath- 
odic protection is that of determining whether or not protection is actu- 
ally effected. Obviously, the determination must be made indirectly 
because it is not possible to make direct observations of corrosion, and 
it would not be satisfactory to wait several years after the application 
of cathodic protection in order to determine by inspection whether or 
not it has been effective. Consequently, it has been necessary to adopt 
certain arbitrary empirical criteria, based for the most part upon ex- 
perience, for judging whether or not the cathodic protection is adequate. 
The principal criteria in common use are based either upon estimates 
of the current density at the surface of the protected matmal or upon 
measurements of the potential of the protected material with respect to 
that of the soil. A third criterion that has been investigated is the rela- 
tionship between the potential of the surface to be protected and the 
current flowing into it as the applied electromotive force is increased 
or decreased. 

(a) CURRENT DENSITY 

Of the three criteria mentioned, current density at the protected sur- 
face is the least satisfactory for two reasons. (1) the value must be 
calculated as an average over a comparatively large area over 
distribution of the current is normally far from uniform, and (2) no 
simple way has been found for determining the value of the current 
density necessary in a given case. Furthermore, conditions are likely 
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to change with time, so that the value of the current density necessary 
for protection may not be the same at different times. 

The difficulty in determining the value of current density required for 
complete protection is apparent from the values given by different in- 
vestigators. The values reported range from 1 to 15 milliamperes per 
square foot. Khodes [155] found the minimum effective current density 
to be about 20 microamperes per square inch, or about 3 milliamperes 
per square foot, whereas Hill [156] from laboratory experiments con- 
cluded that the protective current density ranged from 1 to 10 milli- 
amperes per square foot. 

Rogers [157] reported that in one soil a current density of 3.65 milli- 
amperes per square foot reduced the corrosion loss by 98 percent whereas 
in another soil a current density of 8.2 milliamperes per square foot re- 
duced the loss only 82 percent. Keeling [158] found that a current 
density of 15 milliamperes per square foot was required to protect sub- 
marine pipe lines. Ewing [93] found that from 1.5 to 14 milliamperes 
per square foot was required to protect different sections of pipe in 
Louisiana and Texas. 

A further complication arises if cathodic protection is to be applied 
to a pipe line on which there is a protective coating. Obviously, the cur- 
rent required would depend upon the number and size of the apertures 
in the coating. For instance, one operator found that the current re- 
quired to protect a coated line was about 4 percent of that required for 
the protection of an uncoated line. 

It appears from the experiences and opinions cited above that current 
density" is not a safe criterion for determining whether or not cathodic 
protection is adequate in a particular case. 

(S) PIPE-TO-SOIL POTENTIAL 

The purpose of cathodic protection is to prevent corrosion by making 
all points on the surface of the metal cathodic with respect to the ad- 
jacent soil. However, as the surface of the metal can not be made an 
equipotential surface, it is difficult to tell by any practical method 
whether or not the desired condition has been produced. On account of 
this uncertainty it is customary to make an allowance of from 0.2 to Q.3 
volt to prowde for inaccuracies of measurement and variations in service 
conditions. 

The polarity of the metal with respect to the soil is usually determined 
by means of a high-resistance voltmeter, potentiometer-voltmeter or 
vacuum-tube voltmeter, and a steel or copper sulfate electrode. Some 
engineers follow the method of Rhodes [159] and use an electrode of 
pipe steel placed about % inch above the surface of the pipe. Values 
obtained by this method are said to be reproducible to about 0.02 volt. 
Sufficient current is applied to the pipe to make its potential 0.2 volt 
below that of the electrode. Other engineers [160-164] use a copper 
sulfate electrode placed above the pipe and assume that the normal po- 
tential difference between such an electrode and a pipe that is neither 
collecting nor discharging current is 0.54 volt [160]. They usually as- 
sumejihat the pipe is protected if its potential is lowered to — 0.80 or 
— 0.85 volt with respect to the copper sulfate electrode. 

Records of leaks on one corroding pipe after cathodic protection has 
been applied and maintained for some time indicate quite definitely, at 
least under most soil conditions, that keeping the potential of the pipe 
line at least 0.85 volt below that of an adjacent copper sulfate electrode 
will prevent additional leaks after the protection has become established. 
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Many corrosion engineers feel, therefore, that this is a sufficiently good 
criterion for practical purposes, especially since the measurements can 
be made easily and quickly. However, if the pipe has a high-resistance 
coating with only small holes or cracks, this criterion may fail on account 
of the high IR drop involved in such cases. 

There are several objections to the use of potential difference as a 
criterion of protection. Kuhn [165] has shown by an extended series of 
tests that the potential of east iron with respect to a remote reference 
electrode varies from point to point. He also reported that the potential 
of the pipe as a whole changed with the time the pipe was in the earth. 
Gatty and Spooner [90] have shown that increasing the supply of oxygen 
raises the potential of iron in an electrolyte and that increasing the 
alkalinity of the solution lowers the potential of the iron. As soils differ 
widely in oxygen and alkali concentrations, they should also differ with 
respect to the soil-iron potentials. 

That the potential of iron with respect to a copper sulfate reference 
electrode is not the same for all soils is indicated by the following tabu- 
lation. For a test of the effectiveness of zinc as a source of cathodic 
protection, three iron rings were buried in each of eight locations. The 
potential of each ring was measured with a potentiometer-voltmeter 
before the experiment was started. The potentials at six of the test sites 
are shown below : 

Potential of iron ring -vvitli 
Location respect to CuSOi electrode 

Volts 

Austintown, Ohio —0.575 to —0.600 

Deerfield, Ohio —.725 to —.730 

Rocky Ford, Colo —.740 

Albuquerque, N. M —.70 to — 74 

Los Angeles, Calif — 49 to — 52 

Shreveport, La —.753 to —.760 

These differences in potential may be accounted for in pai't by different 
percentages of anodic areas, as they are the resultants of the potentials 
of the anodes and cathodes on the surface of the iron. 

The potential difference between a pipe and an electrode some distance 
from its surface may be affected by an IE. drop caused by current flowing 
to or from the pipe or by other currents in the earth. This may be im- 
portant in cases of cathodic protection. On account of the possible 
sources of error just mentioned, many engineers use the change in po- 
tential of the pipe when current is applied as the criterion for the degree 
of protection and assume that the pipe is protected when its potential 
has been lowered 0.3 volt. Obviously, the condition of the pipe may be 
such that no current is required for its protection, in which ease the 
lowering of its potential is unnecessary. Under other conditions the 
change in potential of the pipe with respect to an electrode some distance 
away may be due largely to the IE drop in the soil and not representative 
of the change at the pipe surface. To avoid this error some engineers 
use an electrode separated from the pipe by only about % inch of in- 
sulation. This avoids most of the IE drop unless the pipe has an insulat- 
ing coating, but such measurements are influenced by the condition of 
the pipe adjoining the electrode. It is, of course, possible to take account 
of the resistance of the soil or coating surrounding the pipe, as has been 
done by Ewing [164] and Scott [166, 167]. The most important objec- 
tion to potential or change in potential as a criterion for protection was 
pointed out by Ewing [93], who showed that when current was applied 
to a cathode such as a pipe line, the potential of the protected metal witn 
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respect to a reference electrode might gradually increase or decrease, 
depending on the reaction at the cathode. The reaction is determined 
by the aeration and pH value of the soil. 

(c) CURRENT-POTENTIAL CURVES 

In the course of a study of the velocity of corrosion Britton [92] found 
that when the current flowing to a piece of iron in aerated 1/10 N 
potassium chloride solution was gradually reduced from a value more 
than sufficient to prevent corrosion of the iron, the potential of the iron 
with respect to a reference electrode quite near it increased up to a cer- 
tain value and then remained constant as the current was further 
reduced. Experiments as well as theoretical considerations showed that 
the break in the curve occurred at the current density just sufficient to 
prevent corrosion. The experiment was repeated with other concentra- 
tions of potassium sulfate. The explanation of the horizontal part of 
the curves, where there was no change in potential of the cathode with 
increasing current, is that the truly cathodic areas were large compared 
with the corroding areas and so determined the measured potential. This 
potential did not change because all the current entered the anodic areas. 
It was used in counteracting the local or corrosion current from the 
anodes. This unequal distribution of current may be explained by the 
assumption that the cathodic area was insulated by a relatively high 
resistance film. 

If the corrosion is not controlled by the cathode, the current potential 
curve may not have a horizontal part or even a critical poiiit. However, 
the corrosion of iron is usually controlled by polarization of the cathodic 
areas. 

Ewing [93], working at the National Bureau of Standards as a Re- 
search Associate for the American Gas Association, undertook an extended 
investigation to determine how the phenomenon discovered by Britton 
could be used to determine the current required for the protection of pipe 
lines. Muller [89] showed that the measured potential of a corroding 
cathode was its true potential diminished by the IR drops resulting from 
the flow of the local and imposed currents, i.e., that if these IR drops 
were deducted or eliminated from the observed values, the true value 
would be obtained. Ewing also showed by reasoning and citations of 
the work of other experimenters [168] that after the current became 
sufficient to prevent corrosion, the cathode would act as a hydrogen elec- 
trode and that the potential of such an electrode varied linearly with the 
logarithm of the current flowing to the cathode. Consequently, if the 
true potential of the cathode is plotted against the logarithm of the im- 
pressed current, the resultant curve should consist of horizontal and 
sloping lines connected by a curve representing the transition to the 
overvoltage curve, as shown in figure 77. The intersection of the projec- 
tions of the straight lines is taken to indicate the current required to 
prevent corrosion. If the resistance of the electrolyte is low, sharp breaks 
in the current-potential curves can be obtained without correcting for 
the IR drop, as was done by Britton. With high-resistance electrolytes, 
however, a smooth curve with no break is obtained (see fig. 79) if the 
potential is not corrected for IR drop, A laboratory method for obtain- 
ing data for current potential curves free from IR drop has been de- 
scribed by Pearson [169]. His apparatus was simplified and made ap- 
plicable to field work by Hadley [170] and associates. Figure 78 shows 
the essential features of the Pearson-Hadley circuit. At the top of the 
figure is a source of variable current, consisting of a battery and resis- 
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tanee connected througli an ammeter and rheostat between an anode and 
the pipe to be protected. The remainder of the circuit consists of two 
copper sulfate electrodes, and a high-resistance null indicator, 
7, preferably a vacuum-tube voltmeter, a potentiometer-rheostat, B 3 , 
and a potentiometer voltmeter, referred to later as a back-out circuit. 
The operation of the apparatus is as follows : With the battery circuft 
open and switch S 2 in the down position, the potential of the pipe with 
respect to electrode E — is obtained by applying a counter-potential 
by the backing-out apparatus until indicator Y reads zero. (If Y is 
a calibrated vacuum-tube voltmeter, it will indicate the potential if the 
backing-out potential is set at zero.) 82 is then reversed, the current cir- 



cuit closed, and rheostat Bi adjusted to permit the passage of the esti- 
mated protective current or any other current sufficient to cause a well- 
defined change in the reading of the vacuum-tube voltmeter when switch 
81 is shifted. The switch is then moved from side to side, thus changing 
the current, and the sliding contact, N, on the null potentiometer, i? 3 , 
is adjusted until changing the position of switch 81 causes little or no 
change in the reading of the vacuum-tube voltmeter. When a change in 
current does not affect the deflection of the voltmeter, the IR drops in 
the earth are just balanced by the corresponding IR drop in the null 
potentiometer, and their effect is eliminated from the result. 

A comparison of the null circuit, 1, with the Wheatstone bridge cir- 
cuit, 2, and the equivalent null bridge circuit, 3, in figure 78, in which 
corresponding points have been similarly lettered, may make the O'pera- 
tion of the circuit clearer. The batteries in the null bridge circuit repre- 
sent the voltage supplied by the backing-out potentiometer and the 
potential of the pipe with respect to the reference electrode. If the bridge 
is first balanced with respect to resistances (IR drops) , the galvanometer, 
Yy will read zero when the backing-out voltage equals the potential of 
the pipe. It is advisable to make the positions of E — and E-\~ such that 

814786 ° 
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a balance is obtained when the contact, N, is somewhere near the center 
of Bi since the apparatus is most sensitive to changes in I under this 
condition. 

When the bridge or null circuit has been balanced for a current higli 
enough to give a reasonable sensitivity, the current is reduced to a very 
small value. After sufficient time has elapsed for the vacuum-tube volt- 
meter to reach a steady state, the potential across it is backed out by 





Figure 78. — Tearson-Eadley mil current 

1, Kull eireuit; 2, Wheatstone bridge current for comparison with. 3, the testing circuit in 1. 
The letters designate corresponding parts in each circuit. 

means of the potentiometer resistor, 2 ^ 2 , and the readings of the ammeter, 
I, and the voltmeter, If, are recorded. Rheostat Ri is then readjusted 
to pass from 30 to 50 percent more current and a new balance is obtained. 
Thus a series of observations of potential and current are accumulated. 
At first, little or no change of potential will be observed. Observations 
should be continued until four or more definite changes in potential have 
been observed. 
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Usually, it will not be necessary to readjust the null circuit until after 
the critical current has been passed. In some cases, the circuit becomes 
badly unbalanced for large currents. It is advisable, however, to check 
the balance of the null circuit from time to time. The data for figure 77 
were obtained by Hadley on a 6-ineli pipe. The apparatus used in ob- 
taining the data for curve 1 was set up near the point where the power 
was connected to the pipe, but the anode was about a quarter of a mile 
from the pipe and the positive copper sulfate electrode about 125 feet 
from the pipe. A welding generator supplied the current 
The voltage data for curve 2, figure 77, are for a point on the same 
pipe about 3 miles from the power connection. The welding generator, 
ammeter, and control rheostat were at the same place in each test. In 
the second test, communication was by radio, but a modification of 
Smith’s communication system described in Ewing’s book [29], under 
the topic '‘Measurement of Network Constants,” could have been used. 
The negative copper sulfate electrode was placed over the pipe and the 
positive electrode was about 90 feet from the pipe. Curve 2 is presented 
to show that the null method can be used to obtain data at points remote 
from the power connection. 

The potential-log current curve consists of but two straight lines only 
when little or no current flows to the cathodic areas on the pipe while 
anodic areas remain. This condition obtains when the corrosion is cathod- 
ieally controlled, i.e., where corrosion products on the cathode determine 
the rate of corrosion either by their resistance or potential. If cathodic 
control is iiicomplete, the curve for low current densities will not be hori- 
zontal but have a slope. If the cathodic control fails gradually, the po- 
tential-log current curve will bend. Bending will also occur if the poten- 
tial readings contain an IR drop. For this reason, it is important to 
maintain the balance of the null circuit. 

That part of the polarization potential that is the result of the accumu- 
lation of alkali at the cathode changes gradually and persists for a con- 
siderable period after the current has been cut off. Because of this type 
of polarization, observations of current and potential must be made at 
equally spaced time intervals if a smooth curve is to be obtained. Two 
or three minutes is a good interval, which allows sufficient time for the 
adjusting of apparatus and occasional cheeks of the null circuit. This 
persistence of polarization accounts for the fact that the operator can- 
not drop back to a lower current to cheek an observation in the course 
of a test and also for the fact that the potential at zero current after the 
test will not be the same as initially. Successive tests within a few hours 
of each other will often show small decreases in the protective current 
for the same reason. 

Tests run with the initial current either at the maximum or at the 
minimum value will give substantially the same value for the protective 
current, but the potential for zero current after a test will be lower than 
the original potential of the pipe. For this reason the potential of the 
pipe should be measured before any current is applied. ^ ^ 

The laboratory tests upon which the above method of determining the 
protective current is based were performed with small electrodes in a 
uniform electrolyte. It might be asked whether or not they are applicable 
to pipe line along which the the potential varies. Pearson [171] has 
pointed out that 90 percent of the observed potential of a line with refer- 
ence to an electrode at the surface of the ground is eontnbuted by a 
segment four times as long as the distance from the pipe to the electrode. 
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An electrode placed aver a line 30 inches deep, therefore, is affected by 
the potential of about 10 feet of the line and is only slightly affected by 
the remainder of the line. To determine the current required to protect 
this part of the line, it is necessary to measure the current in the pipe 
on either side of the segment and so compute the current collected by 
the segment under observation. The fact that, with care and adequate 
apparatus, log current-potential curves with reasonably sharp critical 
points can be obtained indicates that the laboratory test is applicable 
to field conditions. 

Under some conditions, the potential-log current curve consists of three 
or more parts. The work of Gatty and Spooner [90] suggests that if 
the cathode has been exposed to oxygen, the first change in the slope 
of the curve represents a reduction of the oxides on the cathode. When 
this reduction is complete, the hydrogen-overvoltage curve follows. If 
the current density is increased sufficiently, the curve may again depart 
from its previous course. 

Some unpublished work by Denison suggests that the true protective 
current is indicated by the point where the potential curve first begins 
to bend rather than by the intersection of the horizontal and the hydro- 
gen over-voltage lines, and this is in line with Miller’s unpublished opin- 
ion that the latter point sometimes indicates a current greater than that 
necessary for protection. 


(d) COMPARISON OF RESULTS OF DIFFERENT METHODS FOR DETERMINING 
THE PROTECTIVE CURRENT 

As the apparatus required for the Pearson-Hadley method for deter- 
mmmg the current required for the protection of a buried structure is 
obviously more complicated than that in common use, and since the time 
required for the tests is longer, it is of interest to consider whether or 
not the different methods give similar results, as well as to consider the 
evidence for their validity. 

Figure 79 shows current-potential curves taken in several ways. The 
cathode was a buried tank with 8- by 12-inch steel plates placed about 
b mehes from the tank near the top, middle and bottom. The sides of 
the tank were coated with coal-tar enamel. 

Cun es 1, 2, and 3 sho-w the potential of the tank with relation to the 
steel reterenee electrodes near the top, center and bottom of the tank, 
respectively. It will be noted that the tank is at nearly the same poten- 
m with repect to the top and bottom electrodes, and that there is a 
ehretrodes nearly 0.3 volt between the top and middle 

If the tank is protected when its potential is 0.3 volt below that of the 
le erenee electrode, 1.3 amperes are required for protection, according 
to the mdication of the_ central electrode, while the other electrodes in- 
^cate that no current is required. If a change in potential of 0.3 volt 
TOth re_spect to a steel electrode is the criterion, the required currents are 
respeeUv^ a^^^pcres for the top, center, and bottom electrodes, 

sulfate electrode is the reference point, curve 4 indicates 

of a potential dif- 

Hp] n ^ T-n]f ’ ^^Peres on the basis of lowering the poten- 

nf n 7 orv. ’ ' ^ethod is used, curve 6 indicates that a current 

rjTiU TV. protection. Other curves obtained by the 

1 method indicated that the protective current was 1.0, 1.1, and 1.2 
amperes. ^ ’ 
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For the tank under discussion it appears that the change of 0.3 volt 
and the null method give about the same results within the limits of 
reproduction. Changing soil and electrode conditions made it impos- 
sible to determine a single value of current which will just furnish pro- 
tection at all times so far as the tank in question is concerned, and prob- 



Figure 79 . — Current-potential curves for a 'buried tank. 


ably an engineer would have chosen about the same value for the pro- 
tective current for the tank whatever his criterion. ^ 

Similar conclusions do not always result from such comparisons oi 
methods. Figure 80 shoves the results of two tests run simultaneously 
by Hadley and others on a 40-foot section of bare 16-ineh steel pipe that 
was separated from the remainder of the line by Dresser eouplmg. i e 



260 


Circulars of the National Bureau of Standards 


upper curve was obtained by the null method. It indicates that 3 amperes 
are required to protect the section. A similar test run a few hours earlier 
indicated 2.5 amperes were required for protection. The lower curve was 
obtained by the usual method, using a potentiometer voltmeter and a 
steel electrode placed % inch above the pipe and a foot to one side of 
the copper sulfate electrode used for the null method. The curve indi- 
cates that 18 amperes are required to lower the potential of the pipe 
0.3 volt. A third simultaneous test employing another steel electrode 1 
foot on the other side of the CUSO4 electrode indicated that 30 amperes 
were required to lower the potential of the pipe 0.3 volt. A protective 
system installed by a consulting engineer was furnishing 0.1 ampere for 
the protection of this section. 



Figuke so . — Current-potential curves for 40 feet of 16-inch pipe. 


When a pipe line is made cathodic, two changes occur at or near its 
surface. ( 1 ) There is polarization resulting usually from the deposition 
of hydrogen. Most of this change occurs within a few minutes and dis- 
appears within a short time after the current is cut off. (2) There is an 
accumulation of alkali near the surface of the pipe. This change increases 
with the flow of current until it is neutralized by the diffusion of the 
alkali into remote soil. The effect of the alkali persists to a decreasing 
extent for some time after the current is cut off. Because of these changes 
it is not possible to make the most economical adjustment of the protec- 
tive current until the system has been in operation for some time. The 
current supplied by the source of power will be affected by the ever- 
changing resistances of the anode, cathode, and intervening soil, and a 
redetermination of the current required for protection should be made 
fr^ tme to time if the use of a minimum current is desired. 

Obviously, the amount of current needed will depend on the exposed 
area of the pipe. For this reason, any insulating coating on the pipe 
teMs to reduce the current necessary to complete the protection. 

Complete protection depends on making every point on the surface of 
cathodic, that is, on making current flow to all points. Those 
lamiliar with the distribution of current over the surface of an electrode 
know that it is difficult to force current into or out of a narrow crack 
or depression. It follows that it will require more current to protect a 
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badly pitted pipe than one with a smooth surface. It is very difficult to 
protect a deeply pitted pipe. This accounts for the fact that many users 
of cathodic protection find tliat leaks do not stop for several months 
or years after protection is applied to a badly corroded line. This is 
illustrated in table 100, which shows the number of leaks that developed 
in protected section of pipe lines totaling* approximately 36 miles [172]. 
The criterion for protection was a potential of 0.8 volt or more between 
the pipe and a copper sulfate electrode on tlie surface of the ground 
over the pipe. 


Table 100. — Effect of cnihodio 'protection on rate of leah occurrence. 


Exposure period after application of 
catliodic protection 

Number of leaks 

Years 

1 

130 

2 

242 

3 

17 

4 

8 

5 

7 

6 

6 


Some of the leaks during the 2 years following the application of cath- 
odic protection may be attributed to imperfect adjustment of the pro- 
tection apparatus, and it may be that more current is required initially 
than later, but it seems probable that the continuous occurrence of leaks 
after protection was applied may be due to the fact that the protective 
current could not be forced into the bottom of the deep pits. When these 
were eliminated by their development into holes, which had to be re- 
paired, the current was sufficient to protect the pipe. 

3. CATHODIC PROTECTION INSTALLATIONS 

(a) PROTECTION OF TRANSMISSION PIPE LINES 

(1) Principles . — Fundamentally all that is required for cathodic pro- 
tection is a source of direct current and a means of getting the current 
into the earth and off of the pipe to be protected. Cathodic protection 
engineering consists in determining how much current is required and 
selecting the most economical means for supplying and distributing the 
current. In general, two systems of current distribution are used, re- 
gardless of the source of the current. One system introduces the cur- 
rent into the earth at a single favorable location, and attempts thereby 
to protect as much pipe as is practicable. The current density at the sur- 
face of the pipe and the potential of the earth with respect to the pipe 
is greatest near the point where the current is removed from the pipe, 
W'hich is usually the point on the pipe nearest the anode. The distribu- 
tion of the current flowing to the pipe tends to become more nearly uni- 
form and the amount of protected pipe tends to increase with increased 
separation bet^veen anode and pipe up to distances of few hundred 
feet. This system requires the minimum wire to transmit currem but 
is wasteful of current in the region near the anode. The distributed 
anode system, patented by Ehodes [155, 159, 173], requires less power 
but a greater investment in copper and power converters, hor zinc as 
a source of current, the Rhodes system is almost essential, and tor city 
networks it has certain advantages. 

The design of cathodic protection for cross-country lines has been dis- 
cussed by Rhodes [155], McGary [174], Rogers [l/o], Thayer [ ], 
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Scott [167], Ewing [164], Sclineider [177], and Olson [178]. Three 
main points have to be considered (1) an economical source of power 
including distribution costs and losses (2) a low-resistance anode, pre- 
ferably with little polarization, low counter voltage or over-voltage and 
long life (3) as extensive a distribution of current from a single source 
as is consistent wuth economy, and wdth no interference with unprotected 
structures. Some of these requirements will be discussed in detail. 

(2) Sources of Current, — (a) Converted Power. Windmills, gas-en- 
gine-driven generators, and rectifiers have been in use so long that their 
design has become stabilized, and to obtain satisfactory apparatus of 
these types it is only necessary to select a reliable manufacturer and 
furnish him information as to the current and voltage which are 
required. 

Scherer estimated that in 1941 there were 750 cathodic units protecting 
3,000 miles of pipe line. Approximately 45 percent of the total number 
of installations used rectifiers with outputs from 50 watts at 6 volts 
to 1 kilowatt at 20 volts. Their popularity is due in part to the fact 
that usually they contain no moving parts and require little attention 
other than an occasional adjustment of voltage. Single-phase copper 
oxide rectifiers have an efficiency of about 65 percent [179] and three- 
phase apparatus an efficiency of about 85 percent. Selenium and copper 
sulfide rectifiers have about the same efficiency. Electron-tube rectifiers 
are reported to be somewhat more efficient. 

Gas-engine-driven generators are used frequently to protect gas lines, 
where gas to operate them can be taken from the line. Wind-driven 
generators furnish power for about 20 percent of the installations. 
Their popularity seems to be decreasing largely, because they have been 
installed where the wind is sufficiently continuous to be a satisfactory 
source of power. The velocity of the wind should not fall below 5 miles 
per hour for periods longer than a day, and the windmill should operate 
at least 75 percent of the time. The electrical and mechanical apparatus 
requires little attention. United States Weather Bureau reports are of 
value in a preliminary survey of wind possibilities in a given region 
but sometimes they are not applicable to the spot where a windmill 
is desired. 

(b) Primary Power. — In sections of the country remote from power 
lines and unfavorable to wind-generated power, and in cities where the 
stringing of wires to supply current would be unsightly or expensive, 
and where anodes must be placed close to the protected structure to 
avoid endangering neighboring structures, the anodes themselves may be 
made to furnish current if the resistance of the soil is sufficiently low. 
Aluminum, magnesium, and zinc have been suggested because their 
potentials are less noble than steel. 

A. ALUMINUM ANODES. — The electrodc-potential series indicates that 
aluminum might be more effective than zinc as a current-generating 
anode for cathodic protection. Aliter [180] has reported an experi- 
ment in which he compared the effectiveness of the two metals for the 
protection of steel rods in two Hanford soils. His results indicated that 
the aluminum was more effective in a soil containing carbonates in which 
the zinc reversed its potential with respect to iron. Both the zinc and 
the aluminum contained iron as an impurity. As aluminum is attacked 
by some alkali soils, its use in such soils might be limited by local 
corrosion, although the pH of the Hanford soils was from 7.7 to 8.1. 

B. MAGNESIUM ANODES- — The opcn-circuit potential between iron and 
magnesium is in the order of 1 volt, which is more than twice that 
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between zinc and iron. Olson [181] has reported some experimental 
work on magnesium anodes. Home of the anodes became inactive after 
a few months of exposui-e. Others continued to supply 50 percent or 
more of the original current. However, the loss of weight of the 
magnesium anodes was several times that attributable to the current 
supplied to tlie eatliode (pipe). This investigation is being continued 
in an elfort to find a magnesium anode less subject to local or galvanic 
corrosion. Grebe and McNulty [182] have reported extensive experi- 
ments with magnesium anodes, which show electrolytic corrosion effi- 
ciencies as high as 30 percent. They predict that future developments 
mil make the use of magnesium anodes economically sound. 

c. ZINC ANODES. — The open-circuit potential difference between iron 
and zinc is in the order of 0.4 volt, which may be enough to furnish an 
adequate protective current if the resistances of the soil and anode are 
low. Zinc anodes have been installed in a number of localities with 
beneficial effects, though in some eases the protection which they have 
furnished has not been complete. These failures to protect are in part 
attributable to an insufficient number of anodes and in part to improper 
installation or maintenance. Reports on zinc anodes have been published 
by Rhodes [159], Smith and Marshall [183], Broekschmidt [184] and 
Mudd [185] . Much of the work of these men and considerable additional 
information on zinc anodes has been summarized in a report by Wahl- 
quist [186] , from which much of the following paragraph was abstracted. 

Zinc anodes were attached to a gas line in eastern Colorado in 1935. 
The first rods were 1 inch square and 4 feet long with a %-ineh iron 
core, and each weighed 12 pounds. Later rods were round, with a 
diameter of 1% inches, and each weighed 18 pounds. The rods were 
cast locally from electrolytic zinc. Usually eight rods, spaced about 10 



PiGURE 81 . — Zinc oarionate formed from a eine anode used to protect a pipe line. 

The diameter is inch. 


feet part, were connected together in a line parallel to the pipe line and 
from 5 to 14 feet from it. Most of the soils contained sulfates and 
carbonates and had resistivities between 700 and 200 ohm centimeters. 
Most of the installation furnished between 30 and 50 milliamperes per 
rod after from 6 to 8 years and maintained the pipe-to-soil potential at 
from —0.6 to —0.93 volt with respect to a remote copper sulfate 
electrode. Several leaks have occurred since the installation of the zinc 
anodes, but the frequency of their occurrence has been greatly reduced. 
The condition of the rods indicates that they will continue to furnish 
current until the zinc has been nearly consumed or until the iron core 
is exposed. The most common corrosion product is zinc carbonate, which 
remains in place around the rod as a moist solid cylinder. Figure 81 
shows a section of such a carbonate cylinder pulled .from an old rod. 
The wall thickness of the carbonate is % inch. 

As a result of his experience, Mudd [185] uses a zinc anode rolled 
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from - 4 -mcli sheet ziac to form a cylinder 7 inches in diameter and 3 
feet long. He places these cylinders in holes 8 inches in diameter and 
from 4 to 6 feet deep. Calcium-sulfate (gypsum) is placed around the 
cylinder, which is packed with crushed rock to expand the cylinder and 
make a good contact with the earth. Mudd found that his anodes were 
most effective when several were connected in parallel to give a total 
anode area of 30 square feet. He placed his nearest anode more than 
100 anode diameters from the pipe and made the spacing between anodes 
50 diameters, conforming to Schneider’s [187] recommendations. Mudd’s 
experience is not quite so favorable to zinc anodes as is that of AVahlquist 
[186]. 

Brockschmidt [184] connected ten 4 foot by 1%-ineh zinc anodes in 
parallel at 5 foot intervals in a line 3 to 5 feet from an 18-ineh Dresser- 
coupled enamel-coated gas line in the first bottom of the Mississippi 
River. Most of the soil had a resistivity in the neighborhood of 500 
ohm-centimeter. After about 21/0 years the average potential of the pipe 
—0.198 volt with respect to a steel electrode in the soil a fraction of 
an inch distant, and —0.990 volt wdth respect to a remote copper sulfate 
electrode. After 449 days the total output of 10 electrodes was 110 
milliamperes. The pipe was still positive to earth at one location. 

The output of Brocksehmidt’s rods was less than half that of those 
in the Colorado installation, where the size and location of the rods and 
also the soil resistivities were approximately the same. Since the pipe-to- 
soil potentials were generally greater than the commonly accepted 
criterion of —0.85 volt for safety, the two installations may have 
been equally effective. Only the leak records will determine whether 
or not this is the ease. The data presented as to the effectiveness of the 
two installations are unsatisfactory because they show only averages of 
vddely variant data and because the criterion for effectiveness has not 
been established. There can be little doubt, however, that under many 
conditions zinc anodes properly installed and maintained will materially 
reduce corrosion losses. • . 

Rhodes [159] and some others have stressed the importance of the use 
of veiy pure zinc for anodes. Others have not found this necessary. 
Additional research and experience will be necessary to determine the 
limitations of zinc anodes. Among the limiting factors are (1) low 
potentials, which limit their application to pipes in low-resistance soil, 
(2) local or galvanic corrosion, (3) the occasional development of high- 
resistance corrosion products, and (4) the reversal of potential (confined 
probably to impure zinc). As has been said, zinc anodes are almost 
necessarily placed close to the pipe, and as a result they have the 
advantage in city streets of not endangering adjacent unprotected 
structures. Another factor in their favor is the comparatively uniform 
pipe-to-soil potential resulting from the use of the distributed anode 
system. 

(3) Anodes (a) Resistance to Earth. — In the preceding section, 
anodes have been discussed only as sources of potential. In the following 
section they will be treated as means of getting current into the earth. 
As such, their important characteristics are (1) resistance to the flow of 
current, i.e., electric resistance to earth, polarization, over-voltage, and 
counter electromotive force, (2) permanence, and (3) cost. 

The resistance of the anode itself is usually negligible in comparison 
with that of the remainder of the electric circuit. Most of the resistance 
to the flow of the protective current is in the earth at or near the anode 
and cathode. If the cathode, the pipe to be protected, is bare, the resis- 
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tanee at its surface is usually small and attributable to corrosion prod- 
ucts or polarization. Making the resistance between anode and cathode 
low is one of the major problems of cathodic protection. This depends 
largely on the size, shape, and location of the anode. 

Frequently, several anodes are connected together in a line parallel 
to the pipe to be protected, in 'which ease they are known as distributed 
anodes, or in a two-dimensional group known as a ground bed The 
distributed anodes usually consist of rods from 1 to 2 inches in diameter 
and 4 to 10 feet long. Eight or more are spaced from 5 to 10 feet apart 
in a line parallel to and a few feet from the pipe. The resistance to 
earth of the group is approximately that of the resistances to earth of the 

individual anodes in parallel, that is, l/Ei=:l/r^-f l/rjg-j- l/r„ where 

B is the resultant resistance and r^, etc. are the individual resistances 
to earth. The same equation applies to any other arrangement of anodes 
if they are sufficiently separated from each other. 

The resistance to earth of the individual anodes depends on, but is not 
proportional to, their diameters and lengths and on the resistivity of the 
soils in which they are placed. The anodes may be placed vertically or 
horizontally, the choice depending largely on the depth of relatively low 
resistance soil. The data on the resistance to earth of ground rods for 
electric systems are applicable to anodes if they are placed in homo- 
geneous soil. This subject has been discussed by Peters [188], but the 
additional resistance resulting from heating, osmosis, and polarization 
must be added. 

Peters [188] showed that the resistance to earth of a pipe driven in 
the earth was represented by the equation R=q/27tC, in which R is the 
resistance between the pipe and the earth, q is the specific resistance 
of the soil, and C is the combined electrolitic capacity in free space of 
the electrode and its image above the surface of the ground. The value of 
C can be calculated approximately from the equation C=2L/2 logo 
(iL/d), in which L is the length of the pipe and d its diameter. The 
equation can be used for computing the effect of increasing the diameter 
or length of the pipe. Figure 82 illustrates the effect of increasing 
the length of the pipe as determined by the above equation and by 
experiment in a high resistance soil. 

Frequently, the resistance of the subsoil or underlying rock is so high 
that extending a ground rod into it does little good. It is advisable, 
therefore, to determine the resistivity of the soil at various depths by 
Gish and Rooney’s [189] application of the Wenner method, as described 
earlier, and to limit the length of the anodes accordingly.^ 

The effect of putting two or more vertical rods in parallel is illustrated 
in figures 83 and 84. The effect of the area of a plate near the surface 
of the earth on its resistance to earth is shovm in figure 85. 

If the subsoil has a high resistance, it may be advisable to lay the 
anode horizontally, in which case its resistance to ground will be 
R—ploge {2L/d) /ttL, in which the letters have the same significance as in 
the preceding equation. 

If the resistivity of the soil is constant, the resistance to earth ot a 
horizontal ground plate, such as a sheet of metal, decreases as its distance 
below the surface of the earth increases until, at depths large in com- 
parison with the diameter of the plate, it is half that at the surface of the 
ground. The resistance to earth of a circular plate at the surface ot t e 
ground is R—r/2d) in which r is the resistivity of the soil and d 
the diameter of the plate. Consequently, to reduce the resistance to cart 
of a plate to one-half, its area must be made four times as great, it won 
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DEPTH — FEET 

Figure 82. — Effect of the length of a driven-pipe ground on its resistance to earth. 

be more economical to use two small plates in parallel and some distance 
apart. Likewise, a number of small widely separated rods or strips in 
parallel have a lower resistance to earth than a continuous piece having 
the same area. 



Figure 83. — Effect of the distance apart of two driven-pipe grounds in parallel on 
their resistance to earth. 

(b) ]Materl4X,s- a. IRON'. — Because of its low first cost, low over-volt- 
age and the low resistance of the corrosion products, junk iron, usually 
old pipe, is often used for anodes. "When this is done, care should be taken 
to separate the individual pieces as much as possible and so to inter- 
connect them that a break in the continuity of the group will not make 
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part of the electrodes useless. More than one connection to each piece 
should be made. 

The kind of iron or steel used is unimportant. Boilers and parts of old 
engines and large machines have been used and also old well casings in 
place. If the current density at the surface of the iron is kept low, the 
anode will lose about 20 pounds per ampere-year plus some loss caused 
by local galvanic action. The latter will depend on the corrosivity of the 
soil and the homogeneity of the metal. If the current density is high, 
the rate of loss of metal may be less, since part of the current may cause 
the evolution of oxygen by the electrolysis of water in the soil. Additional 
energy will be required to ionize the water and still more to overcome 
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Figure of the number of 10-foot driven-pipe grounds in parallel on their 

resistance to earth, 

— Observed values. 

O = Calculated values. 


the resistance resulting from the heating and drying of the soil. L sually, 
the cost of the electric energy will exceed the cost of the saved 

and on this account it is generally advisable to keep the current density 

The relation of current density to corrosion efficiency hp been 
investigated by McCollum and Logan [190], who found that the ratio 
of the actual to the theoretical loss of anode material ranged from 1.40 
for a current density of 0.1 square centimeter to about 0.4 for a current 
density 20 times as great. They found alp, tlmt the addition of acids 
alkali, and salts to the soils, materials which affect the self-corrosion of 
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iron, had little effect on the efficiency of electroyltic corrosion. An 
exception to this is the effect of the addition of chromates. This greatly 
reduces the efficiency of electrolytic corrosion, probably because the iron 
becomes passive. They found no definite relation between the electrolytic 
corrosion efficiency and the rate of self-corrosion. This indicates that 
the factors affecting the Corfield [54] corrosivity test are chiefly soil 
resistivity and polarization. The low corrosion efficiency when chromates 
are present suggests a means for making a substantially noncorrodible 
anode. 

B. CARBON AND GRAPHITE. — ^When iron is not available, carbon or 
graphite rods are frequently used. Rhodes [159] and Roddey and 
Shepard [191] at one time used arc-furnace electrodes 2 inches in 
diameter and 6% feet long. They were placed in holes 6 inches in 
diameter and 10 feet deep and surrounded by crushed coke or coke 
breeze. The resistance of these grounds ranged between 1 and 4 ohms. 



AREA — SQUARE FEET 

Figure 85. Bjfect of the diameter of a huried circular •plate on its resistance to 

ground. 


To the IR drop caused by this resistance must be added a counter voltage 
01 about 0.8 to 1.6 volts because of the potential of carbon with respect 
to steel. 

According to Roddey and Shepard [191], the conduction between the 
carbon rod and the crushed coke is metallic and the rod does not 
deteriorate. There is a loss of the coke. A test which they ran indicated 
a loss m 0.000164 gram of coke per coulomb or 11.4 pounds per ampere- 
year. They attribute this loss partly to the formation of carbon dioxide, 
but mostly to the migration of the coke into the soil. The rate of loss 
or carbon anodes given above is greatly in excess of the value of 1.5 
pounds per ampere-year given by Dorcas [192]. The latter is a 
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theoretical value based on the assumption that the loss of carbon is due 
entirely to the formation of carbon dioxide. 

c. NONCOERODIBLE MATERIALS.— The cost of anode materials and their 
replacement has led to several suggestions for noncorroding anodes 
^193 j . 

The user must decide whether it is cheaper to pay for material that 
must be replaced or for power required to generate and discharge 
oxygen from a noncorrodible anode. In certain cases an insoluble anode 
may be desired in order to avoid contamination of the electrolyte by 
corrosion products. Stainless steel and high-silicon cast iron have been 
suggested for this purpose, but few data applicable to cathodic protection 
are available. 


(b) CATHODIC PROTECTION OF CITY NETWORKS 

Most cathodic protection has been applied to cross-eountrj lines under 
conditions that make interference with other lines improbable or eas}^ 
to prevent. When one pipe system in the same street with other nnder- 
groiuid pipe or cable system is protected by causing current to flow to 
it, this current may flow onto and off the adjacent structures and damage 
them. The adjacent structures may also interfere with the desired 
distribution of current. It is necessary, therefore, to take special pre- 
cautions if cathodic protection is applied to city networks. 

Interference has been discussed by Smith [194]. The application of 
cathodic protection to city networks has been described by Kuhn [195], 
Schneider [196], and Wainwright [197], It is advisable that all pipe 
owners in the neighborhood of a proposed cathodic protection be 
informed of its installation and be given an opportunity to participate 
in the work or at least to determine whether or not it affects their 
properties. A tentative plan for such cooperation has been proposed 
[198]. 

Two solutions to the problem of cathodic protection in cities may be 
considered. Often the preferable one is the protection of all structures 
in a neighborhood by the joint action of all interested parties. This 
involves an agreement as to the distribution of costs and. adjustment of 
potentials, which is occasionally difficult to determine satisfactorily. The 
alternative is the application of protection to a single structure. If this 
is done, a current and potential survey or an exposure survey of all 
structures that may be affected should be made both before and after 
cathodic protection is applied. Anode locations and bonds or insulating 
joints should be adjusted until no structure is endangered. ^ In some 
eases the least interference will be caused by a system of distributed 
anodes placed close to the pipe to be protected. This system has been 
patented by Rhodes [199], who permits its use without royalties 
very reasonable conditions. However, arrangements for its use should 
be made in advance. 

(c) CATHODIC PROTECTION OF TANK BOTTOMS 

The protection of the bottoms of oU- and gas-storage tanks and the 
attached pipe systems is not different in principle from the protection 
of pipe lines. The same criteria for protection are used. Rectifiers are 

the most common source of power. ^ ^ . -i tt i + 

The protection of tanks has been described in some detail by Ilolstejui 
[162], Brannon [163], and Bond [200]. The designs of the protection 
were based largely on the results of preliminary experiments sup- 
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plemented by experience in protecting pipe lines. Any one having a 
similar problem vrill receive considerable help from a careful reading 
of these papers. 


(d) COST OF CATHODIC PROTECTION 

The cost of cathodic protection will, of course, vary greatly with local 
conditions. A first approximation of the costs may be based on the 
experiences of others, but the cost of any installation and the effectiveness 
of the protection will depend to a large extent on the skill, experience, 
and foresight of the engineer in charge of the installation. For this 
reason, it is frequently economical to employ a consulting engineer to 
design and install the first system. 

Wainwright [197] estimates the installation costs for an isolated 
anode system for a city distribution network as $700 to $1200 and the 
annual charges as 29 percent of the installation cost. For an installation 
of zinc anodes in Colorado, estimated to have a life of 20 years, Rhodes 
[199] reported a cost, including development charges, of $340 per mile 
plus $2.62 per anode. He used from 240 anodes per mile for a 4-ineh pipe 
to 680 anodes per mile for 12-ineh pipe. Wahlquist’s [186] examinations 
indicated that in some soils 20 years is too long an estimate for the 
life of anodes of the size Rhodes used. The amount of power required 
for protection has already been discussed. The amount depends on the 
condition of the coating, the criterion for protection, and the position 
of the anode with respect to the pipe. 

Roddey and Shepard [201] reported current requirements of 13.1 
amperes per mile of 22->inch enamel-coated pipe and 8.3 amperes per 
mile of 14-inch felt-shielded asphalt-coated pipe. They report an average 
earth-to-pipe potential of about 0.3 volt ; position and kind of reference 
electrode were not stated. Olson [178] reported that it required from 
4.25 milliamperes per square foot to 1.5 milliamperes per square foot to 
protect bare gas lines in Louisiana and Texas. His criterion for pro- 
tection was not stated, but his published curves indicate that he 
endeavored to make his pipe negative to a copper sulfate electrode by at 
least 0.85 volt. 

Schneider [202] has prepared a digest of cathodic protection equip- 
ment costs. The economics of cathodic protections have been discussed 
by Thayer [203], who describes several sources of power and concludes 
that for every dollar spent for protection his company has saved from 
eight to ten dollars in replacements. 

For the protection of a bare 10-inch line, Stewart [204] reports the 
use of thirty-four 8-volt 24 ampere rectifiers spaced a third of a mile 
apart. The annual cost of power was $0,013 per foot per year. On 
another bare line that was maintained 1-volt negative to a copper sulfate 
electrode, the current density ranged between 1.5 and 5 milliamperes 
per square foot. There were no leaks. Stewart’s practice is to create a 
pipe-soil potential of at least 0.3 volt in excess of the potential existing 
before protection was installed. 

^ Secrest [205] reports the 5-year average maintenance cost for twenty- 
eight 25-ampere windmills on 50-foot towers was $6.08 per year per mill. 
His distances between mills ranged from 1^/^ miles for bare pipe to 21 
miles on asbestos-wrapped grease-coated pipe. A 4-month continuous 
record showed practically no protection 35 percent of the time. Coupons 
attached to the pipe show nO‘ corrosion. 
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(e) STATUS OF CATHODIC PROTECTION ENGINEERING 

In the light of the f oregoing, it is easy to see that at present the prac- 
tice of applying cathodic protection is based largely upon judgment 
rather than upon definitely established engineering principles. The ap- 
plication of principles established by laboratory experiment is very dif- 
ficult because the conditions encountered in practice are complex and 
difficult to determine. For example, the laboratorian has definite control 
of the composition, concentration, and homogeneity of the solutions he 
uses, and can easily arrange his experiments so that the electrodes em- 
ployed have equipotential surfaces. Also, the supply of oxygen and the 
circulation of the electrolyte are under control. No such propitious state 
of affairs exists in nature. The corrosion engineer has to contend with 
variations in composition, concentration, and aeration, and in addition 
with limited accessibility for the measurement of currents and potentials. 
He also has to take into consideration certain time effects. When an elec- 
tromotive force is applied between a pipe and an anode, the potential 
of the pipe changes gradually for hours or days and when the current 
is cut off the pipe is not immediately restored to its original potential. 
Furthermore, the relatively large currents and low resistances encoun- 
tered in field work and the impossibility of isolating the soil and pipe 
with which the test is concerned from the adjacent soil and pipe make 
precise measurements in the field both difficult and time consuming. 

The immediate problem of the cathodic protection engineer has been 
to effect a substantial reduction in losses due to corrosion in the shortest 
possible time, and there has been little time or equipment available for 
fundamental research. It is not surprising, therefore, that the criteria 
for judging whether or not complete protection has been achieved are 
not yet well established or that many reports are somewhat indefinite 
as to methods and results. It is generally agreed, however, that cathodic 
protection is an effective method of reducing corrosion and worthy of 
continued development. There is still much to be learned of the under- 
lying phenomena involved in the corrosion of buried metal and of the 
practical conditions to be met in the field. From the nature of the prob- 
lem, it is evident that the combined efforts of research workers and engi- 
neers will be required to bring about a satisfactory solution. No doubt, 
the problem will be attacked more intensively than is now possible as 
soon as the war is over. 
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XVL APPENDIX 1. COOPERATORS WITH THE 
NATIONAL BUREAU OF STANDARDS IN 
THE CORROSION INVESTIGATIONS 
1 . FURNISHERS OF LABOR AND OF TEST SITES 

Albuquerque Gas & Electric Co. City of Norwood, Mass. 

Alexandria Water Co. Ohio Fuel Gas Co. 


City or Atlanta, Department of Water 
Works. 

Atlanta Gas Light Co. 

Atlantic City Gas Co. 

Atlantic Pipe Line Co. 

City of Baltimore, Department of Public 
Works. 

Boston Consolidated Gas Co. 

Brockton Gas Light Co. 

Camden Water Department. 

Carolina Power & Light Co. 

Cincinnati Gas & Electric Co. 

City of Charleston, Water Department. 
The Citadel. 

City of Cleveland, Department of Public 
Utilities. 

Colorado Interstate Gas Co. 

Community Natural Gas Co. 

Dallas Gas Co. 

Delaware Power & Light Co. 

Des Moines Gas Co. 

Duke Power Co. 

East Bay Municipal Utility District. 

East Ohio Gas Co. 

Empire Pipe Line Co. 

Equitable Gas Co. 

Florida Power & Light Co. 

Florida Public Utilities Co. 

Georgia Railway & Power Co. 

Gulf Oil Corporation. 

Humble Pipe Line Co. 

Indiana Pipe Line Co. 

City Commission of Jacksonville. 
Jacksonville Gas Co. 

City of Kalamazoo, Dept, of Public Utili- 
ties. 

Kansas City Gas Co. 

Los Angeles Gas & Electric Co. 

Macon Gas Co. 

Memphis Board of Water Commissioners. 
City of Meridian. 

City of Middleboro, Mass. 

Midwest Refining Co. 

City of Milwaukee, Dept, of Public 
Works. 

Milwaukee Gas Light Co. 

Mississippi Power Co. 

Mississippi River Fuel Corporation. 

City of Mobile, Water Works Depart- 
ment. 

Mountain Fuel Supply Co. 

New Orleans Audubon Park Commission. 
New Orleans Sewerage & Water Board. 
New Orleans Public Service, Incorporated. 
North Carolina Public Service Co. 
Northern States Power Co. 


Oklahoma Pipe Line Co. 

The Omaha and Council Bluffs Elec- 
trolysis Committee. 

Pacific Gas & Electric Co. 

Pensacola-Gulf Power Co. 

People^s Water & Gas Co. 

Philadelphia Electric Co. 

City of Phoenix, Water Department. 
Prairie Pipe Line Co. 

Public Service Company of Colorado. 
Pueblo Gas & Fuel Co. 

Pure Oil Pipe Line Co. 

Raleigh Gas Co. 

City of Rochester, Dept, of Public Works. 
Rochester Gas & Electric Company. 

San Antonio Public Service Board. 

San Diego Consolidated Gas & Electric 
Go. 

San Joaquin Light & Power Corporation. 
City of Seattle, Department of Public 
Works. 

Shell Oil Co. 

Shell Petroleum Corporation. 

Shell Pipe Line Corporation. 

Sinclair Pipe Line Co. 

Sinelair-Prairie Pipe Line Company of 
Texas. 

Soldo Pipe Line Co. 

Southern California Gas Go. 

Southern California Telephone Co. 
Southern Cities District Co. 

Southern Natural Gas Co. 

Southwestern Gas & Electric Co. 

City of Springfield, Ohio, Water Depart- 
ment. 

Springfield Railway Co. 

Standard Oil Company of California. 
Standard Oil Company of Louisiana, Pipe 
Line Dept. 

Standard Oil Development Co. 

Standard Oil Company of New Jersey. 
Stanolind Oil & Gas Co. 

Sun Oil Line Co. 

Susquehanna Pipe Line Co. 

Tampa Gas Co. 

Tidal Pipe Line Co. 

Tidewater Pipe Line Co., Ltd. 

Tri City Railway & Light Co. 

United Gas Pipe Line Co. 

The United Light & Power Service. 

Union, Light, Heat & Fovrer Co. 

Union Light & Railway Co. 

Union Oil Company of California. 
Vicksburg Gas Co. 

Wilmington Gas Co. 
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2. SUPPLIERS OF MATERIALS 

(a) FERROUS 


Allegheny Lndlum Steel Corporation. 
American Cast Iron Pipe Co. 

American Eadiator Co. 

American Eolling Mill Co. 

H. A. Brassert Co. 

A. M. Byers Co. 

Carnegie-Illinois Steel Corporation. 
Carson Cadillac Corporation. 

The Duriron Co., Ine. 

Electric Steel Founders. 

Electro Metallurgical Co. 

Inland Steel Co. 

The International Xickel Co., Inc. 
Jones and Laughlin Steel Corporation. 
Lukenheimer Co. 

McWane Cast Iron Pipe Co. 


Meehanite Metals Co. 

National Cast Iron Pipe Co. 

National Tube Co. 

Nugent Steel Casting Go. 

Pittsburgh Valve, Foundry & Construc- 
tion Co. 

Reading Iron Co. 

Republic Steel Corporation. 

Sharon Steel Corporation. 

Sivier Steel Castings Co. 

Stockham Pipe & Fittings Co. 

Union Carbide & Carbon Research Lab- 
oratories. 

United States Pipe & Foundry Co. 
Walworth Co. 

Youngstown Sheet & Tube Co. 


(b) NONFERROUS 


American Brass Co. 

American Smelting & Refining Co. 
American Zinc Products Co. 

Bell Telephone Laboratories Inc. 
Bridgeport Brass Co. 

Brown Co. 

Chase Brass & Copper Co. 

General Cable Corporation. 

Ilabirshaw Electric Cable Co. 

The Hoyt Metal Co. 

V. T. Hungerford Brass & Copper Co. 
Illinois Zinc Co. 


J ohns-Manville Sales Corporation. 
Keasby & Mattison Co. 

Lumen Bearing Co. 

Mueller Brass Co. 

Mueller Co. 

National Carbon Co. 

National Lead Co. 

The New Jersey Zinc Co. 

Revere Cop2)er & Brass, Incorj)orated. 
Scovill Manufacturing Co 
Sharon Steel Hoop Co. 

Standard Underground Cable Co. 


(c) COATINGS 


Albrecht Pagenstecher. 

Aluminum Company of America. 
American Machine &: Foundry Co. 
American Tar Products Co. 

Arco Co. 

The Bakelite Co. 

Ball Chemical Co. 

Barber Asphalt Co. 

The Barrett Co. 

Benjamin Foster Co. 

Calorizing Co. 

Chadeloid Chemical Co. 

Consolidated Gas Company of New York. 
Dearborn Chemical Co. 

E. I. du Pont de Nemours & Co., Inc. 
Eagle-Pieher Lead Co. 

Emulsion Process Co. 

Ferro Enamel Corporation. 
Fish-Schurman Corporation. 

The Flintkote Co. 

General Paint Corporation. 

The P. D. George Co. 

The B. F. Goodrich Rubber Co. 

Goodyear Tire & Rubber Co. 

Harpoon Paint Products, Incorporated. 


Headley Emulsified Products Co. 

Hill, Hubbell, & Company. 

Inert ol Co. 

Iroquois Gas Corporation. 

Irvington Varnish & Insulator Co. 

The Locomotive Terminal Improvement 
Co. 

McEverlast, Inc. 

Andrew McLean Co. 

Merchants Basket & Box Co. 

Paraffine Companies, Inc. 

Pioneer Asphalt Co. 

Resistcor Engineering Corporation. 

H. H. Robertson Co. 

Shori Process Corporation. 
Sherwin-Williams Co. 

Jas. B. Sipe & Co. 

Southport Paint Co., Inc. 

Technical Products, Inc. 

The Texas Co. 

Thiokol Corporation. 

Udylite Process Co. 

United Gas Impressment Co. 

Wailes Dove — Hermiston Corporation, 
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3. ADVISORY ORGANIZATIONS 

•' an Committee on Electrolysis, Be- American Standards Association. 

‘^“eSch Subcommittee. American Water Works Association. 

* .’..oil Enffineerins Standards Com- American Zinc Institute, Inc. 

Amen & Asphalt Institute. 

Foundry men’s Association. Cast Iron Pipe Research Association. ^ 
Ameri Ac«ociation. Copper and Brass Research Association, 

trerican mrcium institute. LeSd Industries Association. 

American Society for Testing Materials. 


4 . GOVERNMENT DEPARTMENTS 


of Acrriculture, Bureau of Department of Interior : Bureau of Mines, 

Geological Surrey (Water Resources 
Departiueni Comnmrce, National Bu- Brancb). 
reau of Standards. 



Table 101 . — Natioual Jhirrau, of Siandanls test sites. 
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XVII, APPENDIX 2. DESCRIPTIONS OF SOILS 
AT TEST SITES 
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0-10 grayish brown niollow loam gradually getting lighter in 
color with inereawng depth. 

The top 6 inches of the trench is a mixture of road material and 
soil. No vegetation. 

10-34 mellow, only slightly darker in color and heavier in texture 
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bonatea in appreciable amount. 





15-24 transition layer consisting of tongues and streaks of the two 
Hempstead silt loam St. Paul, Minn I adjoining horizons extending into each other. 
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matt(‘r. 

18 Knox silt loam Omaha, Kcb 8- 72 light brown very uniform Hiuooth friable silt haiin that gels (iood Practically 

a litile lighter in color with deplh. M<Kli*rntcIy moist, (’ontains h!V<‘l. 

a f<nv l)rown spots <lue l<) rotten roots at 8 to 24 inelies. Very 
faintly calcareous at 48 inc.hes and below. 



Tahle 301 . — National Bureau of Standards test sites — ('ontiinuMl. 
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^mG rnoisturG contGiit, it would probably have the same color 
Texture is heavy throughout and practically no gravel or coarse 
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12 Morcecl clay loam Mcmlola (Tranr|uilUty), Hamc ub National Burtjau of KtamlanlH hi to 117. 

(-uHf. 

13 Miller clay lUmkie, f.a Saim? an National Bureau of HiainlartlH wte 27. 



TAiiLK 101 . — National Bureau of Standards test sites — Contumocl. 
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XVIII. APPENDIX 3. METHODS EMPLOYED IN 
CLEANING OF THE NATIONAL BUREAU OF 
STANDARD SOIL-CORROSION SPECIMENS 

After the soil-corrosion specimens TYere removed from the trench the loose dirt 
was scraped off and the specimens were boxed and returned to the National Bureau 
of Standards. Precautions were taken in packing the specimens to prevent injury to 
the fragile materials during shipment. When the specimens arrived at the laboratory 
they were properly identified. The identification letter to identify the material and 
the'number that associates the specimen with the soil to which it had been exposed 
w'ere stamped on the specimens with steel dies. Each type of material was then 
subjected to an appropriate chemical and mechanical treatment to remove the cor- 
rosion products, with an insignificant loss in weight of uncorroded metal, and to 
prevent mechanical injury to the specimens. 

1. CLEANING OF IRON AND STEEL SPECIMENS 

The iron and steel specimens as they came from the field were lightly pounded 
with a small dull-pointed hammer to remove the lightly adhering corrosion products. 
If the specimens were in the form of pipes, the caps were removed and the inside 
of the pipes were washed in a cleaning fluid to remove the coating of grease that was 
applied prior to burial to prevent internal corrosion. The specimens, which were in 
the form of plates or sheet, usually had a bituminous coating applied to the two 
ends to protect the identification numbers. This coating was removed by means of 
an appropriate solvent. 

Up to 1928, the iron and steel specimens were cleaned by pounding them with a 
small pointed hammer, then brushed with a stiff wire brush, and treated with a 
bath containing a solution of alkaline ammonium citrate heated to about 80° C. 
In 1928, air-driven tools were substituted for the hand-cleaning operations and 
were subsequently used on the iron and steel specimens, with the exception of the 
high-alloy steels. 

The specimens were pounded with an air hammer employing tools of different 
shapes and sizes to remove the corrosion products and hard flakes of rust that 
adhered to the specimens. The specimens were next brushed with a stiff, circular 
%vire brush attached to the shaft of a motor. Then the specimens w^ere placed in an 
electrically heated enameled iron tank containing a 10 -percent solution of ammonium 
citrate made alkaline by the addition of ammonium hydroxide. The bath ivas heated 
to about 80° C. The time the specimens were left in the bath varied, depending 
upon the amount of rust and the condition of the solution, a fresh solution cleaning 
them more quickly than a solution that had been used for some time. Usually, 
immersion in the bath for 2 to 8 hours was sufficient to clean most specimens. 
After removal from the bath, the specimens were scrubbed under running water 
with a stiff wfire brush and dried with cotton cloths. Frequently, hard flakes of rust 
still remained on the specimens. These -were pounded again with the air hammer 
and the process repeated until all the corrosion products were removed. 

It was deemed advisable to make tests showing the effect of the various tools 
and of the citrate bath used on the loss of weight of the pipe. Unburied pieces of 
3-ineh steel pipe and 3-ineh cast-iron pipes were used for these tests. The specimens 
were thoroughly cleaned by the process described. The air hammer wus turned on 
full. For the actual cleaning of the specimens, how^ever, the air is very seldom 
turned on more than one-third ; and only about one-third as much pressure is applied 
to the hammer as wms applied during this test. 

The test procedure was as follows: The specimens were first carefully w^eighed. 
One-third of the outside area wus hammered vigorously with a sharp-pointed tool; 
another third with a six-pointed semiblunt tool; and the final third was a sharp- 
edged tool. These three tools comprise all the tools used in cleaning the specimens. 
The specimens were then placed under the motor-driven wire brush, after w'hieh 
they were immersed in the citrate bath at 80° C for 8 hours. After removal from 
the bath, the specimens w’ere scrubbed under running wnter with a wire brush, dried, 
and reweighed the following day. The results obtained from the tests are given 
in table 102. 

The maximum, total loss of metal due to the cleaning on the 3 -inch specimens was 
55 milligrams, and on the 6 -inch specimens the maximum loss was 320 milligrams. 
If a corrosion loss of 100 grams is assumed on a specimen, the maximum loss would 
result in 0.06 of 1 percent for the 3-ineh specimens, and 0.32 percent for the 6-ineh 
specimens, an error which is unquestionably negligible for the steel and very slight 
for the^ east-iron materials. In 1937 the greatest accuracy attainable on the balance 
for weighing 6-inch specimens was 100 milligrams. Also the hammering to which 
the test specimens were subjected was many times more severe than applied in the 
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regular cleaning process. The sharp-edged tool, which apparently was the cause of 
most of the lose due to the hammering, is very seldom used and then very carefully. 

This method of cleaning was used for all the uncoated ferrous materials with the 
exception of the high-ailcjy-steei materials. These specimens usually did not require 
any further treatment after scrubbing them with a stiff wire brush under running 
water. Sometimes it was necessary to remove the corrosion products from the pits 
with a knife and to place the specimen in the alkaline citrate bath for 1 to 3 hours. 


Table 102 . — Effect of mechanical cleaning of the specimens. 


Specimen 

Original 

weight 

Weight after ; 

using air ; 
hammer and | 
wire brush 

Weight after 
immersion in 
in bath and 
brushing 

Total 

loss 

3-in. wrought iron 

9 

1660.450 

9 ' 

1660.440 

9 

1660.415 

0 

0.035 

3-in. open-hearth iron 

1751. SOO 

1751. 7S5 

1751.745 

.055 

3-in. Bessemer steel 

1742.660 

1742.650 

i 1742.605 

.055 

do 

1765.875 

1765.870 

1765.S30 

.045 

6-in. cast iron 

6SS0.15 

6880.09 

6879.92 

.23 

... .do 

7053.40 

7053.31 

7053.11 

.29 

do 

6984.86 

6984.70 

6984.54 

! .32 


2 . CLEANING OF COPPER, COPPER-ALLOY, AND 
ALUMINUM SPECIMENS 

The copper, copper alloys, and aluminum specimens as they came from the field 
were scrubbed with a wire brush under running water to remove the adhering soil. 
After the soil was removed, all of these specimens were cleaned by placing them 
in a solution of 5-pereent nitric acid and 2V2“pereent oxalic acid for 5 minutes or 
less. After removal from the acid bath, the specimens were scrubbed wdth a wire 
brush under running water. If necessary, the treatment was repeated. One such 
treatment w’as usually enough to thoroughly clean all the specimens except those 
that had been exposed to Tidal Marsh. The specimens of brass, bronze, and copper 
from this soil were covered with a very adherent coating of black graphite-like 
material, w’hich could not be removed or loosened by any reagent so far tried. 
The wire brush slightly scratches the softer metals but continued hard scrubbing 
with it on copper and aluminum did not produce a loss which could be observed. 

Specimens which had already been cleaned were given the treatment described 
above. The results obtained are given in table 103. o- and 10-pereent solutions of 
sulfuric acid were also tried as cleaning solutions for the copper and copper-alloy 
specimens, but they did not clean as quickly or as well as the solution of nitric 
and oxalic acids. 


Table 103 . — Effect of oxalic acid cleaning solution on nonferrous specimens. 




Loss of weight after — 

Material 

Origmal 

w’eight 

5 minutes 

5 minutes more 

6 minutes more 


in bath 

in bath 

in bath 

Copper, H 

9 

92.17 

9 

0.03 

9 

0.00 

9 

0.00 

B 

86.34 

.02 

.02 

.00 

Brnn ze, L 

428.04 

.02 

.02 

.01 

Aluminum, Cl 

26.68 

.02 

.01 

.00 

percent of Mn, C2 

28.18 

.01 

.00 

.01 

Duralumin, C3 

26.01 

.01 

.08 

.08 






3. CLEANING OF LEAD AND LEAD-COATED SPECIMENS 

The lead-coated pipes and the lead sheaths removed from the test sites previous to 
1937 were scrubbed under water with a fiber brush to remove the soil. They were 
then placed in a solution of 5-percent nitric and 2^^-pereent oxalic acids for about o 
minutes. After removal from the bath, the specimens were scrubbed under running 
water with fiber brushes and dried. If all the corrosion products %vere not removed, 
the treatment was repeated. Where the lead coating had failed on the pipe the 
rust flakes "were chipped off with a pointed knife. Ammonium citrate solution 
cannot be used to remove this rust as the citrate attacks the lead. 
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Glean specimens of chemical and antimonial lead were given the above series of 
treatments, vith the observed losses shown in table 104. 


Table 104. — Effect of nitric and oxalic acids on lead specimens. 


Material 

Original 

weight 

Loss of weight after 

— 

5 minutes 
in bath ! 

5 minutes more 
in bath 

5 minutes more 
in bath 


9 

9 

9 

9 

Obcrnicf^l lApri A 

2131.87 

0.18 

0.14 

0.02 

Antimonial lead, H 

2075 , 04 

.11 

.09 

.05 


After 1937 the lead specimens were cleaned by placing them in a water bath 
maintained at 80® to 90® G for several hours. The specimens were then scrubbed 
under running water with a fiber brush. The corrosion products were removed 
from the pits with a dull-pointed knife and again scrubbed under running water. 
Usually two or three such treatments were sufficient to dean the specimens. 


4. CLEANING ZINC AND GALVANIZED SPECIMENS 

Up to 1939 the best method that had been found for cleaning zinc and galvanized 
specimens was concentrated ammonium hydroxide. Dilute solutions of ammonia 
attacks the corrosion products less and the zinc more than the concentrated solutions. 
The specimens were scrubbed with a wire brush. Trials showed that a wire brush 
does not remove weighable amount of zinc even though the specimens were scrubbed 
harder than is neeessar;f to clean them. The results reported in table 105 were 
obtained by placing specimens of clean zinc in concentrated ammonia for 5 minutes, 
which is sufficient time to remove the corrosion products off of most specimens. 


Table 105 . — Effect of 10 percent ammonia solution on sine specimens. 


Material 

Original 

weight 

Loss in weight after 

- 

5 minutes in 
ammonia 

1 

0 painutes more 
in ammonia 

5 minutes more 
in ammonia 


9 

9 

g 

g 

Standard zine sheet, P. j 

87.92 

0.04 

0.26 

0.01 

Zine sheet, Zl I 

90.79 

.07 

.10 

.05 

Zinc plate, Z2 

504.19 

.06 

.07 

.03 


The objections to working with an open bath of concentrated ammonium hydroxide 
resulted in the adoption of the following procedure for cleaning the zinc materials 
after 1939. The specimens were immersed in a 10- to 15-pereent solution of 
ammonium chloride maintained at 75® to 85® G for 30 minutes. After removal from 
the bath, the specimens were scrubbed under running water with a wire brush. 
If any corrosion products remained on the specimens, the process was repeated. 
It was often necessary to loosen the flaky corrosion products by scratching the 
surface of the zinc with a dull knife. 

Table 106 reports the loss in weight of two specimens of zinc plate. 


Table 106. — Loss of weight of sine specimens caused hy 
ammonium chloride hath and scruhhing. 




Loss in w’eight after — 


Material 

Original 




weight 

30 minutes in 
bath at 75®C 

Vigorous scrub- 
bing with wire 
brush 

30 minutes more 
in bath at 7o°C 

Rolled zine, Z 

Die-casting zine, CZ 

509.76 

g 

0.04 

9 

0.00 

9 

0.04 

504.00 

.01 

.01 

.03 
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5. CLEANING OF CALORIZED PIPE 

No satisfactory solution has been found for cleaning calorized pipe. Most of the 
corrosion products are rather loose and flaky. The specimens were cleaned by 
scraping and brushing the pipe. 

6. CLEANING OF NONMETALLIC-COATED SPECIMENS 

The nonmetallic-coated specimens were scrubbed under running water with a 
flber brush until clean and then dried with cloths. After recording the condition 
of the coating one-half of the coating was removed from the specimens in order to 
observe the condition of the metal under the coating. The corrosion products were 
removed from the pits by means of a pointed knife. 

XIX. APPENDIX 4. ACCUMULATION OF DATA, CALCU- 
LATIONS, AND METHODS OF REPORTING THE DATA 
1. ACCUMULATION OF DATA 

After cleaning the specimens, the loss of weight of each was determined and 
cheeked, wdth tolerances ranging from 1 milligram (0.00003.5 ounce) for light 
stainless-steel specimens to 0.1 gram for east -iron specimens weighing in the neigh- 
borhood of 6 kilograms (13.2 pounds). These tolerances do not, of course, indicate 
the precision of the data, as corrosion losses were only small percentages of the 
total weights and ranged from less than a milligram to a few hundred grams. 
How’ever, the factor that controls the accuracy of the data is the extent to which 
conditions in the field can be reproduced, and this factor varies within wide limits. 
Moreover, it is doubtful that this factor can be greatly improved without getting 
away from conditions to which pipe lines are subjected. Data on the corrosion of 
working pipe lines indicate that the results of corrosion can not be reproduced 
within very narrow limits. 

After weighing the specimens, the deepest pits were measured and the measure- 
ments cheeked, usually with a tolerance of 0.004 inches. In measuring the pits of 
the first removals in 1924, the practice was to measure no pit that was less than 
10 mils in depth and to measure at least the 5 deepest pits that were over 10 mils 
in depth. If the specimen did not have 5 pits greater than 10 mils in depth, the 
depth of the unmeasured pits was assumed to be 5 mils. This assumption was 
based on the fact that there were unmeasured pits ranging in depth between 0 
and 10 mils. Thus, it is fair to assume an average depth of 5 mils. 

For the removals made during 1926 and 1928 (second and third periods) pits were 
not measured -when they were less than 20 mils in depth. Thus, on the assumption 
previously stated, an average depth of 10 mils was assumed as the value to use for 
each unmeasured pit. 

For the fourth period (1930) and thereafter, no attempt was made to eliminate 
any measurements whatsoever. But pits greater than 6 mils in depth were measured 
wherever measurements could be obtained. When definite pitting occurred but 
there were no pits greater than 6 mils, the designation P was used. When metal 
attack occurred on the specimen but no definite pitting could be observed the 
designation M was used, and when the specimen w^as unaffected by corrosion, F 
was used. 

Since 1930 it has been the practice to record the 6 deepest pits on all the pipe 
specimens and the 12 deepest pits on the sheet and plate specimens — 6 pits from 
each side of the sheet or plate. 

The depth gage (fig. 86, A) used at the National Bureau of Standards is an 
ordinary micrometer depth gage that can be read to the nearest 0.001 inch. The 
end of the shaft is pointed so as to reach the deepest part of the pit. The base is 
cut away near the shaft so that the position of the point can be seen, and the 
originally flat base is machined to a concave cylindrical surface of %-inch radius, 
the long'axis of the base being parallel to the axis of the cylinder. The gage then 
will not rock when placed on a lU-inch or larger pipe surface with the long axis of 
the base parallel to the pipe axis. The length of the base has also been increased 
by a bridge for making measurements on severely corroded specimens. 

" The zero setting of the gage must be corrected for the curvature of the pipe 
surface. This was done by placing the gage on a smooth curved cylinder having the 
same diameter as the specimen and adjusting the micrometer to read zero. For 
measuring the pit depths of sheets or plates, the zero reading of the micrometer 
was adjusted by setting it on a smooth, polished, level surface. Ewing [29] has 
worked out a formula for setting the micrometer on a plane surface and adjusting 
the gage for the diameter of the pipe to be measured. 

During recent years a different type of micrometer (fig. 86, B) has been used for 
making the pit-depth measurements, which appears to be less tiresome on the eyes 
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of the observer. The principle of this micrometer is the same as the previously 
mentioned gage, and the readings can be made to the nearest 0.001 inch on a dial. 
The base of this gage was machined to a narrow edge, so corrections for the 
curvature of the pipe were not necessary. A needle extending from the base w’as 
moved about in the pit until a maximum reading was obtained on the dial. The 
zero setting of the gage was adjusted on a smooth, polished, level surface. Cheek 
measurements with the two gages gave results that were within the tolerances 
allowed for the check measurements. 



Figuee S6. — Fit‘dept7i gages, 

A, Micrometer gage; B, dial gage. Each reads in thousandth of an inch-mils. 


Having accumulated the loss of weight and pit-depth data, the specimens were 
next labeled and photographed. The pipe specimens were photographed by a circuit 
camera employing panoraMiii- liim (6-inches in width) while the pipes were rotating. 
In this manner photographs of the specimens 6-inches long were obtained in their 
actual size. For specimens longer than 6-inehes the part showing the severest 
corrosion was photographed. Pictures were made of all the specimens on which 
appreciable pitting could be detected. The specimens were then given a coat of 
colorless varnish to prevent further rusting, and the specimens were preserved at the 
National Bureau of Standards until 1942, when the demand was made for all avail- 
able scrap metal for the war effort. All the specimens except the last removals from 
each set were then turned over to the scrap drive. 

2. CALCULATIONS AND METHODS OF REPORTING THE DATA 

Usually two specimens of each material were removed from each test site. Hence, 
the data for losses of weight, rates of loss of weight, maximum penetration, and 
rates of maximum penetration for the tables involving the National Bureau of 
Standards tests in section V and to the numerous progress reports referred from the 
Journal of Eeseareh of the National Bureau of Standards are the arithmetical 
averages of two measurements. T^Tien one specimen was missing the value given is 
the actual value for the loss of weight or maximum penetration of the remaining 
specimen. 

The weighings were always made employing the metric system. Hence, the losses 
in weight were obtained in grams. For the purpose of comparison, the losses were 
reduced to ounces per square foot since- many of the specimens differed in exposed 
area. To do this, the loss of weight in grams was multiplied by a factor wUieh gave 
the loss of weight in ounces per square foot directly. This factor was calculated for 
each material by the equation 

Factor = _ L___ 

ft- of exposed area x g/oz 28.35A 

in which A is the area in square feet. To obtain the rate of loss of weight in ounces 
per square foot per year the loss in ounces per square foot was divided by the time of 
burial in years. 
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The data have often been reported as the average total penetration, which is 
derived from the loss of weight, the area exposed, and the density of the material. 
To calculate the average total penetration (in mils) the loss of weight (in ounces 
per square foot) was multiplied by a factor obtained as follows: 

factor — X 

wt of ft^" of metal (lb)xl6 density (Ib/ft^* 

The ratio of the maximum penetration to the average total penetration is the 
pitting factor. The pitting factor is to some extent a function of the area of pipe 
surface considered and usually has been found to be somewhat smaller for the 
li/4-inch specimens than for the 3-ineh specimens of similar material. 

The method for obtaining the maximum penetration has already been described. 
The rate of maximum penetration (in mils per year) is the ratio ‘of the maximum 
penetration to the time of burial in years. For the purpose of comparing pit depths 
on pipes of different sizes, the data were reported as the weighted maximum pene- 
tration for each material. The exposed area of one 6-ineh specimen is equiyalent to 
the exposed area of two 3-ineh specimens, and likewise the exposed area of one 
3-ineh specimen is equivalent to the exposed area of two li4-inch specimens. 
Therefore, as there are two specimens for every material, the weighted maximum 
penetration was obtained as follows: For the l^^-ineh specimens the value repre- 
sents the arithmetical average of the deepest pit on each specimen, a total of two 
pits for each material. For the 3-ineh specimens it represents the arithmetical 
average of the two maximum pits on each specimen, a total of four pits for each 
material. For the 6-ineh specimens it represents the arithmetical average of the four 
maximum pits on each specimen, a total of four pits for each of the L and Z 
materials, as only one specimen of each were taken up at each removal and a total 
of eight pits for the other 6-iiieh specimens. The weighted maximum rate of penetra- 
tion was obtained by dividing the weighted maximum penetration by the time of 
burial in years. 

XX. APPENDIX 5. CONSTRUCTION OF THE DENISON 
CORROSION CELL 

The dimensions and construction of Denison^s most recent modification of his 
corrosion cell, which difier somewhat from those described in earlier papers, are 
shown in figure 87. The essential parts of the cell are a bakelite ring 44 mm 
(1.73 in.) in internal diameter and 21 mm (0.83 in.) high, a metal disk 38 mm 
(1.50 in.) in diameter, which serves as the anode, another disk- of the same material 
44 mm (1.73 in.) in diameter, which serves as the cathode and is perforated with 
51 holes per square centimeter (329 per square inch), the diameter of each hole 
being 0.84 mm (0.033 in.). The metal disks are cut with a punch and die from 
sheet material. A narrow tab, or projection, is provided on the cathode to facilitate 
electric connection. The total area of the perforated disk is approximately twice 
the area of one side of the anode. 

The other constituents necessary for construction of the cell are the soil samples 
to be studied which are air-dried and crushed to pass a Xo. 20 IT. S. Standard Sieve, 
a nonmetallie disk 51 mm (2.00 in.) in diameter containing many perforations and 
having a hole in the center large enough to permit a calomel electrode to make contact 
with the adjacent soil, a No. 7 rubber stopper, rubber bands, and a short length of 
No. 24 copper wire. 

The procedure in setting up the cells is as follows. The perforated cathode is 
cemented in place on a shoulder in the Bakelite ring so that the shoulder becomes a 
part of the compartment having a height of 10 mm (see fig. 87). This compartment 
will hereafter be referred to as the shallower compartment or as the lower part of 
the cell. To fit the cathode in the ring, it is necessary to cut a slit adjacent to the 
shoulder to allow the projection to pass through. The free space in the slit is 
sealed with plastic wood. The disk is then cleaned with carbon tetrachloride, using a 
small stiff fiber brush. The cells in sets^ of 10. are filled, vith the soil samples. The 
shallower compartment is filled first by temporarily placing a disk of filter paper on 
the reverse side of the cathode to keep the soil from running through the perfora- 
tions. The cell is then placed on the end of a cylinder about 4 cm high and 4 cm 
in diameter. The crushed soil is placed in the compartment in increments and 
packed by placing on the surface of the soil a brass cylinder weighing 500 grams 
and having a diameter of 44 mm. A disk of filter paper is placed on the soil and 
moistened with water from a burette. The cell is now inverted, placed on a smooth 

” The laboratory setup at the National Bureau oi Standards was made to accommodate 10 cells. 
However, a setup may he prepared for a different number of cells. 
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piece of glass, the filter paper removed, and the lower compartment filled and 
packed as before. The soil is then saturated by allowing it to absorb water from a 
strip of filter paper, the cell being supported by 2.5 cm above the surface of the 
water into which the filter paper dips. The period required for saturation is about 2 
hours for most soils. Each ceil is placed in an individual dish and covered by a 
beaker to prevent evaporation. Smoothing of the surface should be avoided after 
the soil has been moistened. 


" ’—•44 mm ( / ^'7 

41 mm (fVsV 



The moistening of very heavy soils may be accelerated by adding a slight amount 
of water to the upper surface of the soil- A sheet of filter paper on the surface of the 
soil facilitates even distribution of the moisture. The soils are brought under 
moisture equivalent (the quantity of water retained by a soil under a centrifugal 
force of 1,000 times gravity) by the method of Schofield [206], as described below. 

A battery of ten 3-inch (7.6 cm) Buchner funnels set in pressure flasks is prepared 
by pouring on a filter paper placed in each funnel a sufficient quantity of a thin 
suspension of kaolin in water to produce under suction a layer about 1 mm thick. 
This layer permits any desired pressure difference up to 1 atmosphere between the 
interior of the flask and the outer surface of the layer to be maintained. A second 
piece of filter paper is placed over the kaolin layer and saturated with water, after 
which the cells are placed in position top down on the paper. A pressure difference 
of 10 cm of mercury is held for 1 hour, after which it is increased in increments of 
5 cm every 10 minutes until a pressure difference of 59 cm is reached. The latter 
pressure maintained for 1 hour reduces the moisture content of a saturated soil to 
moisture equivalent. In testing organic soils such as peats, mucks, and tidal marsh, 
in which the average moisture content in nature is often close to saturation, it is 
preferable to reduce the moisture content only slightly below saturation rather than 
to moisture equivalent. This may be accomplished' by subjecting the cell to a 
pressure difference of 5 cm of water for one-half hour. 

During the adjustment of the moisture content, the anodes are prepared by rubbing 
one face with No. IGr Breach emery paper. After cleaning the electrodes with 
carbon tetrachloride, a No. 24 copper wire is soldered to the reverse side of the 
anode near the edge. 

After the soils have reached proper moisture content, the pressure is released and 
the cells are removed from the funnels. Because shrinkage of the soil results from 
the withdrawal of winter, a crack will often be noticed between the soil and the 
rim of the Bakelite cylinder. As a crack would provide a channel through which air 
could pass to the electrodes, it is necessary to seal it with melted paraffin, which is 
applied by means of a medicine dropper. The anode is placed in position over the 
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top of the cells and electric connection is made between anode and cathode by joining 
the copper wire with the projection on the cathode. The perforated insulating disk 
is placed over the lower end of the cylinder. A No. 7 rubber stopper is then placed 
on the anode and the w’hole assembly fastened together by rubber bands. It is espe- 
cially important that firm contact be maintained between the electrodes and the soil. 

The cells are placed in individual 1-pint friction-top cans into which a small 
amount of water has been poured in order to maintain a saturated atmosphere. In 
order to prevent a water seal, which would interfere with proper aeration of the 
cathode when the cell is placed in the can, the cell is inserted in a small glass dish 
about 4 cm in height and slightly larger than the cell in diameter. The rubber 
bands around the cell support the cell in the dish in such a way that free circulation 
of air is insured. A small amount of water is poured into this dish also. After the 
lids have been sealed, the cans are placed in a thermostatically controlled constant- 
temperature chamber and maintained at 25® G for 18 to 36 hours in order to stabilize 
the electrodes. If the room temperature is fairly constant at approximately 25 ®C, 
this last step may be omitted. The cells are removed from the cans w'hen the electrical 
measurements are made, precautions being taken to prevent evaporation of moisture. 

XXL APPENDIX 6. DARNIELLE^S MODIFICATION OF THE 
HICKLING APPARATUS FOR MEASURING POTENTIALS 

The Hickling method for measuring the potential of polarized electrodes utilizes 
an electronic interrupter and an electronic potentiometer, by means of which poten- 
tials can be measured a very short time after the current has been interrupted. 

INTERRUPTER CIRCUIT 


Rj.lMEC. 6V. 



MEASURING CIRCUIT 



Figure 88. — Potentiometer-volt meter and calibration circuit. 

Figure 88 shows the essential parts of the interrupter and measuring circuit. 
Capacitor Ci is charged through resistor .Kj until the plate of the Thyratron (type 
884) is at a certain potential, depending on the grid voltage. The tube then becomes 
conducting and capacitor Ci discharges through the tube and resistor until the 
capacitor voltage drops to about 15 volts, when the tube becomes nonconducting, and 
the process is repeated at a rate depending on the values of E^., Si, (7i, and E^, 

The cell is in the plate circuit of the pentode (type 1852). Its current may be 
controlled by potentiometer Pi and the IB drop across P*. Each voltage pulse across 
imparts a large negative potential to the grid of the vacuum tube, thereby 
interrupting the current in the cell. Resistors should be connected in series with the 
grid of each Thyratron to limit grid current when the tubes conduct current. ^ 

The measuring circuit is an oscillating type similar to the interrupter circuit but 
will not oscillate when the grid of the Thyratron is below a certain critical potential. 
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In measuring electrode potentials, the electrodes are connected to the grid circuit 
of a Thyratron, the grid having been adjusted to the critical potential. The cell is so 
connected that the grid of the Thyratron is most negative between interruptions of 
the current because of IR drop in the cell. When the current is interrupted, the 
grid potential will be above or below the critical potential by an amount equal to the 
potential of the electrode. Adjustment of a potentiometer in the grid circuit, so 
that the critical potential is restored, measures the electrode potential. 

In operation, double-pole double-throw switch is closed to the right (fig. 88), 
and the grid of the Thyratron in the measuring circuit is adjusted to the critical 
point by means of potentiometer as indicated by slow ticking in the loud-speaker. 
By reversing switch the ceU and the voltmeter-potentiometer are introduced into 
the grid circuit of the Thyratron. If the applied voltage makes the grid more 
negative than the critical voltage, no sound will be heard in the loud-speaker. If the 
grid is made more positive than the critical voltage, very rapid ticking will be heard. 
Potentiometer P3 is then adjusted until the rate of ticking is identical 'with the rate 
when the critical point 'was adjusted, and the potential difference is read on the 
voltmeter. 

It is important to note that the connections of the measuring circuit to the cell are 
determined by the directions of IR drop and not by the polarity of the electrodes. 
Hence in measuring the voltage between the anode and cathode of the cell, the 
cathode of the cell is connected to the grid. When the voltage between the anode 
and a reference electrode is measured, the reference electrode is connected to the 
grid, and for measuring the voltage between the cathode and the reference electrode, 
the cathode of the cell is connected to the grid. A switching arrangement, not sho'wn 
in detail in the figure, is used for making rapid changes in connecting to the 
various electrodes. 

When the ceil current is interrupted, it drops quickly to a very low value and 
immediately begins to increase as Cx discharges. The time required for the current 
to decrease to a minimum and then increase until the IE drop is more than 0.01 volt, 
the approximate limit of accuracy of the measurement, may be designated as the 
^‘effective^^ period of interruption. This interval corresponds to the maximum time 
during which the electrej^e depolarizes before its potential is measured. 

Hickling’s measurements were made with high current densities in cells of very 
low resistance, a triode being used as the vacuum tube. In order to make the 
effective period of interruption independent of the polarizing current, the latter was 
controlled by adjusting the filament current. For measuring potentials in soil cells 
in w'hieh the resistance is high and the current low, the use of a sharp cutoff pentode 
permitted control of the plate current in the usual way, that is, by regulation of the 
grid voltage. By eliminating lag in the adjustment of the current in this manner, 
potential measurements could be made immediately after the current was changed, 
which is usually desirable in measurements with soil cells. With variation of current 
and resistance over the extreme range used in corrosion studies, the effective time of 
interruption was found to be reasonably constant. However, the chief advantage of 
the pentode over the triode was the greatly improved accuracy of measurement 
obtained 'with the former tube. Pentodes of the types 6J7 and 1852 have a very 
sharp cutoff and provide sufficient plate current for potential measurements in 
the soil cells. Calculation of the effective period of interruption indicated that this 
time was about 8x10^ second when was 75 ohms. 

Data show that within the range of current commonly applied to soil-corrosion 
cells and within the normal range of resistance of these cells, the combined effect of 
current and resistance on the accuracy of potential measurements is not over 0.01 
volt. Measurements accurate to 0.01 volt were made with a current of 4 miJliamperes 
and a cell resistance of 6,000 ohms. 

As the period of interruption of the current is related to the resistance R3 in the 
interrupter circuit, varying this resistance provides a convenient means for varying 
the period of interruption, and hence for studying the rate of depolarization of the 
soil cells. This was found to be subject to wide variation. In a few soils the change 
in voltage resulting from a change in Ro from 100 to 20,000 ohms was. little more 
than 0.01 volt. In other soils this difference was 0.1 volt or more. Rapid depolariza- 
tion may occur at the anode as well as at the cathode. This period of interruption of 
the current should be kept as short as possible by keeping at the lowest prac- 
ticable value. Measurements of cell potentials by means of the apparatus described 
have been found to be in good agreement with those by other less generally 
applicable methods. 

Washixgtox, Jiine 19, 1945. 
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